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This  report  covers  work  accomplished  during  che  iir3t  year  of  a  aev  3-year 
contract  So.  M00014-82-K0339  for  the  study  of  "Piezoelectric  and  Electros trie tive 
Materials  for  Transducer  Applications."  The  work  reported  covers  a  rather  vide 
range  of  topics  and  for  convenience,  it  is  divided  into  four  major  sections. 

(1)  ^ COMPOSITE  MATERIALS  FOR  TRANSDUCER  APPLICATIONS/  , 

This  covers  new  work  on  the  3:1  and  3:2  connected  perforated  ?ZT:polymer 
composites,  forming  hydrophone  transducer  materials  of  excellent  sensitivity  and 
stability.  A  refined  study  of  1:3  and  1:3:0  connected  transversely  reinforced 
PZT-polymer  systems  which  show  the  highest  sensitivity  for  low  hydrostatic  static 
pressures.  Finite  element  theoretical  methods  'nave  been  used  to  calculate  the 
stress  distribution  and  sensitivity  of  the  3:1  configuration  with  excellent 
agreement  to  experiment.  This  year  a  new  family  of  polar  glass  ceramics  has 
I  been  evaluated  for  hydrophone  application,  showing  good  sensitivity  with 
excellent  stability  and  no  aging. 

(2)  -electrostriction; 

Work  has  included  extension  of  atomistic  calculations  of  electrostriction 
constants  to  the  fluoride  perovskites  and  to  the  temperature  dependence  of 
electrostriction  in  SrTi03.  Experimentally  problems  of  measuring  alkali  halide 
cyrstals  by  the  direct  method  have  been  traced  to  the  charged  dislocation 
structure  and  a  new  equipment  has  been  built  to  make  measurements  of  the  converse! 
effect,  and  applied  successfully  to  measure  CaF2>  Temperature  dependence  of  the 
^ijkl  consc*ncs  has  been  determined  for  EaTiOj  and  for  3aQ.39Srg  giving 

clear  evidence  of  the  importance  of  polarization  fluctuations  at  temperatures 
‘  close  to  Tc  in  che  uniaxial  f erroelectrics. 

(3) ^  CONVENTIONAL  PIEZOELECTRICS'  --  '  j 

Low  temperature  measurements  are  being  continued  and  are  compared  to  basic 

phenomenological  calculations  to  separate  intrinsic  and  extrinsic  contributions 
to  the  dielectric  and  piezoelectric  behavior  in  pure  and  in  doped  PZTs.  X-ray 
mechods  have  been  used  to  examine  heterogeneity  in  the  Zr:Ti  distribution  for 
PZTs  from  several  different  Navy  sources. 

(4) ^ PREPARATIVE  STUDIES  .  - 

Work  has  ranged  chrough  calcining  studies  of  PZTs,  fabrication  of  grain 
oriented  Pbt^Og  and  Pb3i2Nb205,  preparation  of  new  high  c/a  ratio  powders  in 
the  PbTi03: BiFe03  solid  solutions  and  the  growth  of  single  crystals  of  halide 
perovskites  for  electrostriction  studies  and  of  Pbg^ 63ag _ 4Nb205  bronze 
f erroelectrics  for  single  crystal  study  of  a  model  morphotropic  phase  boundary. 

Over  the  contract  year,  33  papers  relating  to  work  on  che  contract  have 
benn  published  in  refereed  journals  and  39  presentations  have  been  given  at 
Nacional  and  International  meecings.  One  Ph.D.,  3  M.S.  and  4  3.S.  theses 
topics  were  stimulated  from  contract  studies. 
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This  report  covers  work  which  has  been  accomplished  dsring  the  first  year 
of  a  new  ONE  Contract  No.  N00014-82-K-0339  for  the  study  of  'Piezoelectric  and 
Electrostrictive  Materials  for  Transducer  Applications'.  A  number  of  the 
topics  covered  represent  development  and  extension  of  studies  accomplished  on 
oor  earlier  contract  'Targeted  Basic  Studies  of  Piezoelectric  and 
Electrostrictive  Materials  for  Transducer  Applications'  and  have  capitalized 
on  the  momentum  generated  in  the  earlier  studies.  A  number,  however,  are  also 
completely  new  topics. 

Since  the  work  to  be  reported  covers  a  rather  wide  range  of  materials  and 
device  applications,  it  has  been  divided  for  convenience  into  four  major 
sections. 

(1)  COMPOSITE  MATERIALS  FOR  TRANSDUCER  APPLICATION 

( 2 )  ELECTROSTRI CTION 

(3)  CONVENTIONAL  PIEZOELECTRICS 

(4)  PREPARATIVE  STUDIES 

Following  previous  practice  in  earlier  piezoelectric  report,  a  brief 
narative  description  is  given  of  current  on  going  work.  Completed  topics  are 
included  as  preprints  or  reprints  of  published  papers. 

2.  SUMMARY  OF  ACCOMPLISHMENTS 

2.1  In  the  piezoelectric  composites,  important  progress  has  been  made  in: 

(a)  3:1  and  3:2  Perforated  PZT:Polymer  Composites. 

These  materials  exhibit  very  high  sensitivity  with  d^g^  products  of  up  to 
40,000  x  10-15  m^/V  and  very  little  change  of  sensitivity  under  hydrostatic 
pressure.  This  work  has  now  been  largely  completed  and  is  discussed  in  detail 
in  the  Ph.D  thesis  of  Dr.  A.  Safari 
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(b)  1:1:1:3  Transverse  Reinforced  Composites.  . 

Tlia  highest  sens  i  t  iv  i  t  i  e  s  to  date,  with  d,Qg  ^  products  up  to  150,000  z 
10"15  m2/V  have  been  achieved  in  the  foamed  transversely  reinforced  1:3 
composites.  Mr.  M.  3aaa  completed  this  study  for  his  M.S.  thesis  in  Solid 
State  Science^.  His  results  have  recently  been  confirmed  by  similar  studies 
at  Pleasey  Company  in  the  United  Kingdom  and  published  in  a  recent  paper  by 
Shorrocks,  Brown,  Thatmore  and  Ainger^. 

(c)  The  first  finite  element  calculations  of  the  stress  distribution  in 
1:3  PZT  polymer  composites  have  been  carried  out.  The  predicted  stress 
distributions  appear  reasonable  and  the  calculated  sensitivities  are  in  good 
agreement  with  A.  Safari's  measured  values. 

(d)  The  fresnoite  glass  ceramics  which  were  being  developed  as  polar 
composites  for  pyroelectric  application  have  been  shown  to  exhibit  both  high 

sensitivity  (d^g^  -  1,000  x  10-1^  a2/V)  and  extreme  stability  in  measurements 

T  4) 

by  Ting  at  Orlando.  The  polar  glass  ceramic  can  show  no  aging  and  appears 
very  stable  to  exceedingly  high  hydrostatic  pressures. 

(e)  Following  the  work  of  Banno^  in  NGK,  a  new  water  quenching 
technique  has  been  used  to  develop  PbTiO^  and  PbTiO^ :  B  iFeO^  powders  for  0:3 
composites. 

(f)  In  a  joint  program  with  North  American  Philips  Laboratories,  a 
detailed  analysis  of  the  resonant  modes  of  1:3  PZT:epoxy  composites  has  been 
carried  out.  The  results  follow  closely  the  expected  performance  as  a 
function  of  scaling  for  the  thickness  modes  and  confirm  the  advantage  of  the 
composite  (suitably  scaled)  for  electromedical  transduction^^. 

A  cooperative  study  with  Or.  Auld  and  his  group  at  Stanford^  has 
revealed  a  most  interesting  spectrum  of  transverse  modes,  and  Or.  Anid  has 


developed  a  two  dimensional  lattice  theory  which  explains  Che  observed 


spectra 
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2.2 


(a)  Basic  Theory 

Calculations  of  the  hydrostatic  electrostrictios  constant  and  of  the 
third  order  elastic  constant  c^j^  have  been  aade  for  the  non-ferroelectric 
flnoride  perovskite  KZnFj  and  the  values  are  in  excellent  agreement  with  the 
experimental  measurements  of  K.  Rittenmyer  ' . 

A  new  derivation  has  been  made  of  the  temperature  dependence  of  the  in 
SrTiO^  which  now  takes  proper  account  of  the  soft  mode  behavior  and  gives  much 
better  agreement  with  experimental  values. 

(b)  Basic  Experiments 

Problems  which  have  plagued  us  for  more  than  5  years  in  our  attempts  to 
make  direct  dilatometric  measurements  of  the  separated  electrostriction 
constants  in  NaCl  have  been  traced  to  the  dislocation  structure  in  the 
crystals.  Pinning  the  dislocations  by  intense  neutron  irradiation  gives  much 
better  values,  but  does  not  remove  all  frequency  dependence  for  Q^. 

A  new  equipment  has  now  been  completed  for  measurements  of  the  uniaxial 
stress  dependence  of  the  dielectric  permittivity  which  is  the  converse  of  the 
electrostrictive  effect.  Measurements  on  CaFj  yield  high  reproducibility  and 
appear  completely  consistent  with  phenomenological  correlation. 

(c)  Practical  Electrostr ictor s 

Measurements  in  the  PLZT  family  suggest  that  the  slim  loop  9.5:65:35 
material  is  a  supe rp ara e 1 ec t r i c  comparable  in  most  properties  to 
PbMg i/ jNb2/ 3O3 : PbTiOj .  The  8.5:65:35  composition  is  more  sensitive  than  the 
PMN:10%  PT,  but  probably  a  little  slower  in  electrostrictive  response. 


3 


,  &ad  Che  low 


(A)  A  combination  of  the  thermodynam ic  data  of  A.  Am  in  '  ' 
teaperatnre  data  of  Chen,  Zhang,  Schulze  and  Crosi^^  has  been  used  to 
separate  extrinsic  (doaain  and  phase  boundary  notion)  froa  intrinsic  single 
doaain  contributions  to  *33,  d^i  and  d^ 3  iu  pure  and  in  commercial  doped  PZTs. 

(b)  Preliminary  x-ray  studies  at  temperatures  above  the  Curie 
temperature  Tc  have  verified  that  Navy  type  PZTs  from  different  manufacturers 
do  have  disc inguishably  different  degrees  of  x-ray  line  broadening  suggesting 
differing  degrees  of  heterogeneity  in  the  Zr:Ti  distribution. 

2.4  Processing  Studies 

(a)  New  high  strain  PbTiOj : B iFo02  solid  solutions  have  been  developed 
and  powders  of  these  materials  generated  by  water  quenching. 

(b)  A  wide  range  of  solid  substitutions  are  being  explored  in  the 
PbMg iy sNb^y 3 O3 •  PbTiOs  and  in  the  ^*^8^y 3‘^2/3^3'^5^*l/2*'^,l/2®3  s°lid  solution 
relaxor  systems.  This  work  is  jointly  with  the  Dielectric  Center  programs  as 
these  materials  are  interesting  both  for  electrostrictive  and  for  their  high 
dielectric  constants. 

(c)  in  single  crystal  growth  large  crystals  of  the  non-oxide  perovskite 
KMnFj  have  been  grown  for  el ec t r 0 s t r ic t ion  and  non-linear  elastic  constant 
measurements. 

In  cooperation  with  Rockwell  Science  Center  solid  solutions  in  the 
Ph i-jBaxNb20g  at  compositions  close  to  the  morphotropic  boundary  at  x  *  0.6 
have  been  grown  into  single  crystals.  The  interest  in  Rockwell  is  in  the  high 
electro-optic  r^,  r^j  sud  ia  tie  possibility  for  temperature  compensated  SAW 
application. 

For  this  program,  the  interest  is  in  generating  a  single  crystal  material 


upon  which  the  nature  of  the  field  induced  morphotropic  change  may  be  explored 


by  simple  optical  techniques  and  the  fall  tensor  properties  measured  apon 
oriented  crystal  samples. 
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Transducers.'  Appl .  Phys.  Letters  44:852-854  (1984). 

(24)  A.  Halliyal,  A.  Safari,  A.S.  Bhalla.  R.E.  Newnham  and  L.E.  Cross,  'Grain 
Oriented  Glass  Ceramics  for  Piezoelectric  Devices.'  J.  Aaer.  Ceram. 
Soc.  6J(5) : 305  (1984) . 

(25)  E.  Uchino  and  L.E.  Cross,  ’Longitudinal  Piezoelectric  Strain 
Measurements  of  Poly  (vinylidene  fluoride)  Films.’  J.  Polymer  Sci. 
21:765  (1983). 

(26)  X.L.  Zhang,  Z.X.  Chen,  L.E.  Cross  and  W.A.  Schulze,  'Dielectric  and 
Piezoelectric  Properties  of  Modified  Lead  Titanate  Zirconate  Ceramics 
from  4.2  to  3008E. '  J.  Mat.  Sci.  18:968  (1983). 

(27)  T.R.  Gururaja,  D.  Christopher,  R.E.  Newnham  and  W.A.  Schulze, 
'Continuous  Poling  of  PZT  Fibers  and  Ribbons  and  Its  Application  to  New 
Devices.'  Ferroelectrics  42:193  (1983). 

(28)  A.  Amin  and  L.E.  Cross,  'The  Ferroic  Phase  Transition  Behavior  of 
Pb(ZrQ  gTig  4)03. '  Ferroelectrics  50:237-241  (1983). 
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(29) 

(30) 

(31) 

(32) 

(33) 

w«ri 

(1) 

(2) 

(3) 

(4) 

(5) 


T.R.  Shrout,  A.  Safari  and  f.A.  Schulze,  'Low  Field  Poling  of  Soft 
PZTs. *  Ferroelectrica  Letters  44:227  (1983). 

B. 7.  Hireaath,  A.  Eingon  and  J.V.  Bigger*,  'Reaction  Sequences  in  the 
Formation  of  Lead  Zircona te.Lead  Titanate  Solid  Solutions:  Role  of  Raw 
Materials.'  J.  Aaer.  Cera*.  Soc.  66 ( 11) : 790  (1983). 

A. S.  Bha  11a,  C.S.  Fang,  L.E.  Cross  and  Yao  Xi.  'Pyroelectric  Properties 
of  Modified  Triglycine  Sulphate  (TGS)  Single  Crystals.'  Ferroelectrica 
£4: 151-154  (1984). 

C. S.  Fang,  Yao  Xi,  A.S.  Bhalla  and  L.E.  Cross,  'The  Growth  and 
Properties  of  a  Mew  Alanine  and  Phosphate  Substituted  Triglycine 
Snlphate  (ATGSP)  Crystal.'  Ferroelectric  ££:  66 9-673  (1983). 

S.T.  Liu  and  A.S.  Bhalla,  'Sone  Interesting  Properties  of  Dislocation- 
Free  Single  Crystals  for  Pure  and  Modified  SrQ  jBaQ  5  Mb  20  -  ’ 
Ferroelectric*  £1:707-711  (1983). 

Over  the  year,  the  following  papers  relevant  to  work  on  this  contract, 
presented  at  National  and  International  Meetings. 

PAPERS  PRESENTED  AT  THE  INTERNATIONAL  SYMPOSIUM  ON  APPLICATIONS  OF 
FFgBOFI.FCTRTPN  ISAF  33  M.3.S..  WASHINGTON.  DC.  JUNE.  1983 
IB-1  Ferroel ec trie  Composites  (invited)  -  R.E.  Newnham. 

7B-1  Electrostriction  (invited)  -  L.E.  Cross. 

4B-6  Transversely  Reinforced  1-3  Piezoelectric  Composites  -  M.J.  Haun, 
T.R.  Gururaj a,  W.A.  Schulze  and  R.E.  Newnham. 

4B-5  Perforated  PZT  Composites  for  Hydrophone  Applications  -  A.  Safari, 
S.  DaVanzo  and  R.E.  Newnham. 

5B-7  Glass-Ceram  ics:  New  Materials  for  Hydrophone  Applications  -  A. 
Halliyal,  A.  Safari  and  A.S.  Bhalla. 


3 


(6)  4B-2 


(7)  TB-6 


(8)  7B-5 


(9)  7B-7 


(10)  4 A- 5 

(11)  8A-2 

(12)  4 A- 2 


(13)  10 A- 2 


(14)  10  A- 8 


(16)  P1D10 


Measurement  of  Plantar  Pressnres  Under  the  Homan  Foot  Using 
Piezoelectric  Ceramics  (invited)  -  P.H.  Cavanaugh  and  N. 
Macmillan. 

El ec t ro s tr ic t ion  and  Its  Relationship  to  Other  Properties  in 
Perov skite- Type  Crystals  -  K.  Ritcenmyer,  A.S.  Bhalla.  Z.P.  Chang 
and  L.E.  Cross. 

The  Effects  of  Various  B-Site  Modifications  on  the  Dielectric  and 
Electrostrictive  Properties  of  Lead  Magnesium  Niobate  Ceramics  - 
D.J.  Voss.  S.L.  Swartz  and  T.R.  Shrout. 

Direct  Measurement  of  El ec t r o s t r ic t ion  in  Perovskite  Type 
Ferroelectrics  -  M.  Shishineh,  C.  Sundius.  T.  Shrout  and  L.E. 
Cross. 

Pyroelectric  Property  of  Pb(Sc1/>2^1i/ 2^°3  Ceramics  Under  DC  Bias  - 
C.  Zhili.  7.  Xi  and  L.E.  Cross. 

The  Ferroic  Phase  Transition  Behavior  of  Pb(Zrg  gTig  4)03  ~  A. 
Amin  and  L.E.  Cross. 

Low  Temperature  Pyroelectric  Properties  -  A.S.  Bhalla  and  R.E. 
Newnham. 

The  Growth  and  Properties  of  a  New  Alanine  and  Phosphate 
Substituted  Triglycine  Sulphate  (ATGSP)  Crystal  -  C.S.  Fang,  7. 
Xi,  Z.X.  Chen,  A.S.  Bhalla  and  L.E.  Cross. 

Some  Interesting  Properties  of  Dislocation  Free  Single  Crystals  of 
Pure  and  Modified  Srg^Bag  5^205  -  S.T.  Liu  and  A.S.  Bhalla. 

PAPERS  PRESENTED  AT  THE  EUROPEAN  MEETING 
ON  FERROELECTRICS  EMFS ■  BENALMADENA.  SPAIN.  1983 
Electrical  Poling  and  Depoling  Studies  of  the  Relazor 
Ferroelectric  8:65:35  PLZT  -  Z.  Chen,  7.  Xi  and  L.E.  Cross 


1 


9 


(17)  P1D16 


(18)  P1D7 


(19)  P1D18 


(20)  P4B4 


(21)  P4B18 


PZT: Po 1 ym e r  Composite  Transducers  for  Ultrasonic  Medical 
Applications  -  T.R.  Gnrnraja,  W.A.  Schulze,  L.E.  Cross,  S.A.  Anld, 
J.  Vang  and  Y.A.  Shui 

Pyroelectric  Properties  of  Modified  Triglycine  Snlphate  (TGS)  - 
A.S.  Bhalla.  C.S.  Fang,  L.E.  Cross  and  Yao  li 

A  New  Family  of  Grain  Oriented  Glass  Ceramics  for  Piezoelectric 
and  Pyroelectric  Applications  -  A.  Ealliyal  and  A.S.  Bhalla 
Pyroelectric  and  Piezoelectric  Properties  of  SbSI :  Compo s i t e s  - 
A.S.  Bhalla  and  R.E.  Newnham 

Dielectric  and  Piezoelectric  Properties  of  Tnngsten  Bronze  Lead 
Barium  Niobate  (Pb s3a^_xNb20g)  Single  Crystals  -  T.JL  Shront,  H.C. 
Chen  and  L.E.  Cross 


PAPERS  PRESENTED  AT  THE  FALL  MEETING  OF  THE  ELECTRONICS 
DIVISION  CP  THE  AMERICAN  CERAMIC  SOCIETY.  GROSSINGERS.  NEW  YORK .  1983 

(22)  2E83F  Relazor  Ferroelectrics  -  L.E.  Cross 

(23)  37E83F  Piezoelectric  Composites  -  R.E.  Newnham 

(24)  39E83F  Pyroelectric  and  Piezoelectric  Properties  of  SbSI:Composites  - 

A.S.  Bhalla  and  R.E.  Newnham 

(23)  40E83F  Effects  of  Sm^Oj  on  Electromechanical  Properties  of  PbTiOj 
Ceramics  -  T.R.  Xae ,  W.  Schulze  and  R.E.  Newnham 

(26)  44E83F  Perforated  PZT  Composites  for  Hydrophone  Applications  -  A. 

Safari,  S.  DaVanzo  and  R.E.  Newnham 

(27)  13E83  Processing  Effects  in  PbNbjOg  Ceramics  -  M.  Bliss,  R.E.  Newnham 

and  L.E.  Cross 

(28)  20E83  Dielectric  Properties  in  the  PbFe^  :  PbNi  jNb-,  3O3  Solid 

Solution  System  -  M.J.  Eaun,  S.L.  Swartz  and  T.R.  Shrout 
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(29)  58E83  He  Ferroelectric  Properties  of  ^**2®6  *  ■  La  or  Bi  - 

J.R.  Oliver.  R. R.  Neorgaonkar  and  L.E.  Cross 

(30)  39E83  Growth  and  Properties  of  Li  Doped  TGS  Crystals  -  C.S.  Fang,  Z.X. 

Chen,  L.E.  Cross  and  A.  Bhalla 

(31)  63E83  Strength  of  Agglomerated  Zirconia  Powder  -  W.R.  Xae,  B.V. 

Hiremath  and  J.V.  Biggers 

(32)  35E83  Piezoelectric  Transducers  -  L.E.  Cross 


Piezoelectric  Composites  -  L.E.  Cross  and  R.E.  Newnham 


(34)  B 6.1  Design  of  Composite  Materials  for  El ec tro-Mechanical  and  Electro- 

Thermal  Applications  -  L.E.  Cross 

(33)  X.3.2  Structure-Property  Relations  in  Electronic  Ceramics  -  R.E. 

Newnham 


AT  US: CHINA  SEMINAR  ON  CERAMIC.  SHANGHAI.  1983 


Ferroelectric  and  Piezoelectric  Effects  in  Crystalline 
Dielectrics  -  L.E.  Cross 


K»ia  n  *  i  a  aa  »in 


Influence  of  Hydrostatic  Pressure  on  Morphic  PZT  Compositions  - 
A.  Amin,  R.E.  Newnham  and  L.E.  Cross 

Primary  and  Secondary  Pyroelectricity  in  Crystals,  Ceramics  and 


Composites  -  A.S.  Bhalla  and  R.E.  Newnham 
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(39) 


Piezoelectric  Compos  it#*  -  E.E.  Nevnhaa 


During  the  contract  year.  the  following  University  degrees  have  been 
earned  by  graduate  and  undergraduate  students  working  upon  the  program. 


GRADUATE  DEGREES  -  M.S.,  Ph.D. 

Ahmad  Safari  Ph.D.,  Solid  State  Science  -  December.  1983 

'Perforated  PZT-Polymer  Composites  with  3-1  and  3-2 
Connectivity  for  Hydrophone  Application' 


Michael  Haun  M.S.,  Ceramic  Science  -  December,  1983 

'Transverse  Reinforced  1-3  and  1-3-0  PZT-Polymer 
Piezoelectric  Composites  with  Glass  Fibers' 

Moj taba  Shishineh  M.S.,  Electrical  Engineering  -  December,  1983 

'A  New  Technique  for  Measuring  El ec t ro s t r i c t ion 
Coefficients  at  Elevated  Temperatures' 

Carole  L.  Sondiua  M.S..  Solid  State  Science  -  December,  1983 

’Determination  of  the  Temperature  Dependence  of 
El ec tros tr ic t ion  Coefficients  in  Strontium  Barium 
Niobate ' 


UNDERGRADUATE  THESIS  PROJECT  -  B.S. 

Daniel  Axmbrust  3.S.,  Ceramic  Science  and  Engineering  -  May,  1983 

‘Bismuth  Tungstate  Ferroelectric* ' 

R.  Michelle  Gedrj iewski  B.S.,  Ceramic  Science  and  Engineering  -  May,  1983 

'Composites  for  Vibration  Absorbers' 

Deborah  Murphy  B.S.,  Ceramic  Science  and  Engineering  -  May,  1983 

'Morphot  rop  ic  Phase  Boundary  in  the  PbTi0j:BiFe03: 
LaFeOj  System' 

Lisa  Veitch  3.S.,  Ceramic  Science  and  Engineering  -  May,  1983 

'Pb(NiNb)03  Ceramics  for  Low  Temperature 
Electrostrict ive  Applications’ 

James  Walch  B.S.,  Ceramic  Science  and  Engineering  -  May,  1983 

'X-Ray  Line  Broadening  Studies  of  PZTs  ’ 


During  the  Summer  of  1983,  the  Office  of  Naval  Research  again  provided 
support  for  a  Summer  Apprentice  Program  in  Applied  Sciences  to  permit  minority 


students  who  w«r«  considering  Science  u  a  vocation  to  have  'hands  on' 
experience  in  a  basic  resoarch  laboratory.  The  students.  Cheryl  T.  Price  and 
Lacins  Saart,  were  potential  entrants  to  the  University  Science  College 
through  the  ’Upward  Bonnd'  Program  in  their  high  school  in  Philadelphia  and 
the  coordinator  in  Penn  State.  Bridget  Chadwick  is  a  State  College  girl  now 
enrolled  in  oar  College  of  Engineering  in  the  Electrical  Engineering  Program. 

Each  student  was  attached  to  one  of  oar  sore  senior  graduate  students  for 
immediate  supervision.  Some  indication  of  their  involvements  with  computer 
aided  measurements,  mechanical  design  of  test  specimens  and  optical 
characterization  of  composites  can  be  seen  in  Figure  1. 

fe  are  proud  and  pleased  to  be  able  to  participate  in  this  most  useful 
'outreach'  program  and  are  convinced  that  the  benefits  both  to  the  students 
and  the  program  justifies  the  saiall  cost. 

fork  o a  this  program  was  again  recognized  for  its  excellence  in  the 
University  vide  Xerox  Awards  for  Research  Excellence  for  the  1982-83  academic 
year.  David  Christopher  who  took  the  award  for  Research  Accomplishment  for  an 
Undergraduate  was  doing  his  thesis  project  upon  this  ONR  program.  Seven  G. 
Ewsuk  an  M.S.  recipient  made  extensive  use  of  the  H.I.P.  equipment  and  was  a 
regular  participant  in  group  meetings,  though  his  support  came  from  another 
program.  James  Laughner  one  of  the  PhJ).  awardees  was  a  long  standing  member 
of  the  ferroelectrics  group  whose  work  was  supervised  by  R.£.  Newnham  (Figure 
2). 


3.  COMPOSITE  MATERIALS 

3.1  Transversely  Reinforced  1-3  and  1-3-0  PZT:  Polymer  Composites 

Early  very  simple  calculations  have  suggested  that  the  sensitivity  figure 
of  merit  d^g^  could  be  as  high  as  300,000  x  10~15  m2/N,  for  a  composite  with  5 
vo  1%  PZT.  Model  systems  have,  however,  been  limited  to  sensitivities  of  at 
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most  40,000  x  10  m  /N,  and  we  have  for  some  time  known  that  the  major 

limiting  factor  was  the  effect  of  the  poisson  ratio  of  the  polymer  which 
concerts  part  of  the  transverse  stress  into  a  reverse  longitudinal  stress 
along  the  PZT  rods  (Fig.  3). 

Studies  completed  this  year  by  M.  Baun  have  demonstrated  that  using 

transversely  reinforcing  glass  fibers  foamed  polyurethane  matrix  composites 

can  be  formed  with  figures  of  merit  up  to  150,000  x  10~*^  m^/N  for  a  6  vol% 

P2T.  More  refined  theoretical  calculations  taking  better  account  of  the 

poisson  ratio  effects  suggest  a  proper  theoretical  value  near  180,000  x  10_i* 
2 

m  /N  which  in  view  of  the  many  approximations  involved  is  in  quite  good 

agreement . 

It  is  probable  that  materials  with  such  high  coefficients  may  be  too  much 
influenced  by  hydrostatic  pressure  for  all  but  very  small  submergence 
hydrophones.  However,  the  trends  of  the  data  with  increasing  reinforcement 
(fiber  volume)  are  quite  clear  (Table  1).  Certainly,  it  is  possible  to 
fabricate  materials  with  a  range  of  sensitivity  and  stability  properties  to 
suite  a  wide  variety  of  potential  applies tions.  The  materials  which  axe  the 
component  phases  are  exceedingly  inexpensive,  the  challenge  now  is  to  find 
automated  techniques  for  fabrication  and  assembly  so  as  to  make  large  size 
sheets  available  for  general  testing  and  development. 

A  detailed  account  of  the  1:3:0  transversely  reinforced  PZT:polyaer 
composites  is  given  in  the  M.S.  thesis  by  M.  Baas.  The  abstract  for  this 
thesis  is  included  as  Appendix  1. 

3 .2  PZT:Polvmer  Composites  with  3:1  and  3:2  Connection 

An  alternative  approach  for  a  large  area  segmented  hydrophone  may  be 
afforded  by  the  perforated  PZT  3:1  and  3:2  connection  composites.  This 


structure  which  uses  drilled  or  in  other  ways  perforated  PZT  offers  the 


Table 
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advantage  of  being  such  more  robust  than  the  1:3:0  composite,  and  again  by 
varying  the  size  and  spacing  of  the  holes  (Fig.  4)  and  the  node  in  which  the 
holes  are  filled  or  capped  a  very  wide  range  of  trade-offs  can  be  achieved  in 
density,  sensitivity,  robustness,  pressure  range,  etc.  (Table  2). 

Perhaps  the  only  significant  disadvantage  is  that  the  3:1  and  3:2  nodes 
of  connectivity  give  the  structure  the  aechanical  rigidity  of  the  P2T, 
however,  it  should  be  possible  to  articulate  large  sheets  of  3:1  or  3:2  units 
in  a  flexible  elastomer. 

A  second  feature  of  this  structure  is  the  protected  space  inside  each 
active  element  which  on  current  scaling  would  be  ample  for  the  encapsulation 
of  a  miniature  semiconductor  integrated  circuit.  For  these  materials,  we 
believe  it  should  be  possible  to  convert  the  local  pressure  information  into  a 
modulation  on  an  electromagnetic  carrier,  to  then  put  many  element  signals 
down  common  wires  and  still  recover  individual  pressure  and  phase  information 
in  a  central  processor. 

A  detailed  analysis  of  the  behavior  of  a  range  of  3:1  and  3:2  PZT:polymer 
composites  has  been  given  by  A.  Safari  in  his  Ph-D.  thesis.  The  abstract  from 
that  thesis  is  included  as  Appendix  2  to  this  report. 

3 .3  Finite  Element  Calculations  of  the  Stress  Distribution  in  3:1  Perforated 

PZT; Polymer  Composites 

In  the  finite  element  method,  a  solid  of  complex  shape  is  divided  up  into 
an  interconnected  network  of  small  'finite  elements.'  Using  the  hookian 
elastic  properties  and  the  continuity  relations  required,  the  elastic  stress 
distribution  at  the  nodes  of  the  network  can  be  calculated.  For  composite 
materials  involving  elastic  or  even  visco-elastic  properties,  the  method  is 
particularly  powerful  and  permits  detailed  evaluation  of  the  stress 


distributions  in  each  phase  provided  the  elastic  boundary  conditions  can  be 


Figure  4. 

Approximated  model  far  perforated  (a)  3-1  and  (b)  3-2 
composites  with  circular  holes. 
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Table  2. 


Opcinizad  Dielectric 

and  Piezceleccr 

ic  Properr 

ies  of  Per 

foraced  Composic 

3-1 

3-1-0 

3-2 

3-2-0 

x  (mm) 

3.5 

3.5 

4.2 

4.2 

c  (am) 

4.0 

4.0 

5.0 

5.0 

D  (am) 

3.0 

3.0 

3.0 

3.0 

3  (kg/m3) 

2600 

2600 

2500 

2300 

Vol.2  PZT 

35 

35 

45 

45 

^33 

650 

650 

375 

360 

can  5 

0.Q3 

0.013 

0.03 

0.02 

d33  (pa'1) 

410 

430 

350 

370 

g33  (xlO*3’/^"1) 

70 

75 

100 

115 

g^  (xio  37toN  ■) 

30 

35 

60 

'0 

In  (paT1) 

170 

200 

200 

220 

_  —  -i  5  2  -1 

ghd.n  (xlQ  a  21  L) 

5000 

7000 

12000 

15000 

J 
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adequately  specified.  Clearly  for  such  methods,  the  precision  with  which  the 
continnons  stress  distributions  can  be  calculated  will  increase  as  the  mesh 
size  for  the  finite  elements  is  reduced  but,  of  course,  at  the  cost  of  rapidly 
increasing  computation  time  and  expense. 

For  the  case  of  the  piezoelectric  composites,  the  FEM  is  used  to 
calculate  the  stress  distribution  in  the  PZT  phase,  then  from  the  known 
macroscopic  piezoelectric  coefficients  the  distribution  of  electric 
polarization  can  be  determined.  The  polarization  for  the  composite  is  then 
determined  using  simple  series  and  parallel  connection  models.  From  the 
composite  polarization  it  is  then  simple  to  calculate  the  composite  d^ 
coefficient. 

The  method  is  currently  being  applied  to  a  calculation  of  the  hydrostatic 
piezoelectric  coefficient  d^  for  a  3:1  perforated  PZT:polymer  composite  with  a 
square  hole  configuration  as  shown  in  Figure  5.  At  a  hydrostatic  pressure 
level  of  100  psi,  using  bulk  constants  for  a  PZT  3  and  a  SPURS  epoxy  polymer, 
the  phases  used  by  A.  Safari  in  similar  3:1  composites,  preliminary 
calculations  are  in  excellent  agreement  with  the  experimental  data  of  Safari. 
For  a  3-1  composite  with  a  hole  size  of  2.5  mm,  for  example,  the  calculated  d^ 
was  120  x  10"12  C/N  as  compared  to  a  measured  value  of  130  x  10-12  C/N. 

Other  published  papers  relevant  to  the  PZT:polymer  composite  studies  are 
included  in  Appendices  3-10. 

For  a  limited  FEM  set,  the  technique  is  expected  to  underestimate  the 
stress  values  converging  to  an  exact  solution  as  the  number  of  elements  is 
increased,  so  that  in  our  calculation,  it  is  expected  that  the  FEM  value 
slightly  underestimate  the  stress,  and  thus  the  d^  as  is  in  fact  observed. 
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FINITE  ELEMENT  METHOD 


Y*.  375  PLANE 


PERFORATED  3-1  COMPOSITE 
TYPICAL  3-D  GRID 


Fijure  J.  TTpical  fiaite  element  jrid  for  3:1  composite  with  square  holes 
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3.4  Fresnoite:  Oriented  Polar  Glass  Ceramics  for  Hydrophone.  Applications 


Over  the  lest  four  years,  a  very  extensive  study  lias  been  Bade  of  the 
dielectric,  piezoelectric  and  elastic  properties  of  a  new  faaily  of  polar 
glass  ceramics.  Starting  from  appropriate  glass  compositions,  we  have 
demonstrated  that  by  re-crystallization  from  a  planar  surface  in  a  strong 
normal  temperature  gradient,  highly  polar  oriented  crystallites  can  be 
generated  in  the  Ba2TiSi20g,  Ba2^iGe20g,  S^TiS^Og,  L^S^Oj  and  L^B^O^ 
families.  These  are  all  in  polar  crystal  structures,  but  are  non 
ferroelectric,  so  that  the  original  orientation  initiated  when  the 
crystallites  grow  cannot  be  destroyed  except  by  physical  destruction  of  the 
sample. 

During  the  four  year  period,  techniques  have  been  evolved  for  combining 
more  than  one  crystalline  phase  in  the  composite  and  for  engineering 
combinations  which  can  be  strongly  pyroelectric  but  non  piezoelectric,  or 
conversely  strongly  piezoelectric  and  non  pyroelectric.  Combinations  of 
properties  which  are  clearly  impossible  and  forbidden  by  symmetry  in  single 
phase  systems. 

A  practical  application  which  looks  most  promising  for  the  glass  ceramic 
is  as  a  piezoelectric  hydrophone  material.  In  the  Ba2TiSi20g  and  analog 
Ba2TiGe20g  glass  ceramics,  a  combination  of  high  g^  and  high  d^g^  comparable 
to  the  polymer  PVDF,  but  in  a  material  with  zero  aging  and  extremely  stable 
properties  holds  real  promise  to  generate  a  new  standard  for  calibration 
purposes. 

Work  on  the  composites  is  continuing  with  effort  currently  focused  upon 
generating  larger  samples  for  study  and  improving  the  integrity  and  uniformity 
of  the  re-crystallized  films.  Recent  publications  on  transducer  applications 
of  glass  ceramics  are  given  in  Appendices  11-13. 
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4.  PI.gfTRnSTTtrCTION  STUDIES 
4.1  TlitotBCiail  Stadias 

4.1.1  Static  Lattice  Calcul at  ions  for  SZaFg .  and  DbxF3 

Harmonic  and  first-order  inharmonic  properties  at  the  zone  center  have 
been  calculated  for  two  perovshite  fluorides  on  the  basis  of  the  shell  model. 
The  harmonic  part  of  the  model  used  is  equivalent  to  Cowley's  aodel^12^.  The 
14  harmonic  model  parameters  are  determined  from  the  room  temperature  values 
of  the  elastic  and  dielectric  constants  and  from  the  zone-center  optic  mode 
frequencies.  Anharmonic  contributions  from  coulomb  interactions  and  from 
short  range  two— body  central  forces  between  cat  ion— fluorine  nearest  neighbors 
and  fluorine— fluorine  second  neighbors  are  included.  The  corresponding  model 
parameters  are  either  determined  empirically  or  by  assuming  the  Born-Mayer 
potential  form.  Good  agreement  between  calculated  and  available  room 
temperature  values  is  found  for  the  electrostrict ion  constants  and  for  the 
third-order  elastic  constants.  The  good  agreement  indicates  only  weai 
coupling  between  the  soft  mode  and  these  zone  center  first  order 

anharmonic  properties,  and  is  a  clear  indication  of  the  adequacy  of  the  shell 
model  employed.  For  these  non-f  e  rroe  1  ec  t  r  ic  perovshite  crystals  with  only 
weah  mode  softening,  thermal  effects  at  the  zone  center  can  be  described 

by  weahly  temperature  dependent  model  parameters  and  do  aot  enter  explicitly 
into  the  calculation. 

4.1.2  Temperature  Dependence  of  Electrostriction  in  SrTiO. 

Expressions  for  the  electrostriction  (Q  — )  coefficients  at  finite 

temperature  T  have  been  derived  from  anharmonic  perturbation  theory  by  using 
the  thermodynamics  one— phonon  Green's  functions.  A  one-to-one  correspondence 
of  all  individual  terms  with  the  long  wavelength  method  pertaining  to  the 
static  crystals  has  been  established.  The  Q  coefficients  are  given  by  linear 


25 


combinations  of  third  order  coupling  parameters  (C.P.'s)  in  the  static 
reference  state,  and  on  the  temperature  dependent  renormalized  zone  center 
frequencies  which  in  turn  depend  on  the  third  and  higher  order  C.P.'s.  The 
separate  mode  softening  problem  and  the  uncertainties  in  determining 
consistent  higher  than  third  order  C.P.'s  may  therefore  be  by  passed  by  using 
experimental  values  of  the  temperature  dependence  of  zone  center  frequencies 
as  input.  Numerical  application  of  this  procedure  to  SrTiO^  based  on  a  shell 
model  with  coulomb  and  short  range  anharmonicity  included  gives  good  agreement 
with  the  measured  temperature  dependence  of  the  hydrostatic  (Q^) 
electrostrict ion  coefficient. 

For  these  calculations,  it  must  be  remembered  that  for  ionic  crystals,  at 
the  zone  center,  there  are  two  ways  of  defining  the  dynamical  matrix  and  the 
Green's  function,  namely  with  the  macroscopic  electric  field  included  (D+  and 
G+)  and  with  the  field  deleted  (G_  and  D_).  Experimental  optic  mode  phonon 
frequencies  are  given  by  the  Eigenvalues  of  D+  (or  poles  of  G+),  but 
dielectric  constant  and  el ec tro s t r ic t ion  depend  on  the  Eigenvectors  and 
Eigenf requeue ies  of  D_.  For  transverse  optic  (TO)  modes  in  perovskite 
compounds  Eigenvalues  of  D+  and  D_  are  identical,  but  Eigenvectors  of  D+  and 
D_  are  different.  In  anharmonic  many-body  perturbation  theory  all 
contributions  to  elec tros trie t ion  depend  on  constant  Eigenvectors  of  D_ 
corresponding  to  the  static  crystal,  and  upon  the  temperature  dependent 
renormalized  frequencies  (poles  of  G_).  Hence,  the  possibility  to  use 
experimental  (temperature  dependent)  frequencies  and  theoretical  Eigenvectors 
of  the  static  crystal  (corresponding  to  D_). 
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4.2 


4.2.1  Measurements  by  jJa  Direct  Method 

Using  s  modified  and  improved  version  of  tile  capacitance  ultra- 
dilatometer  originated  by  Uchino  and  Cros Cart  iittenmyer  has  just 
completed  a  very  extensive  sequence  of  aeasnrements  apon  single  crystals  of 
the  alkali  halides  (CC1  and  NaCl)  and  npon  the  flnorite  structure  crystal 
(Cal*  4  full  account  of  this  work  is  given  in  the  Ph.D.  thesis  of 

Hittenmyer.  The  abstract  of  the  thesis  is  included  as  Appendix  14  to  this 
report. 

Major  conclusions  froa  the  work  may  be  soaaarized  as  follows. 

In  both  CCl  and  NaCl.  the  measured  values  of  show  a  marked  dispersion 
over  the  frequency  range  5  Hz  to  500  Hz.  We  believe  that  this  dispersion  is 
related  to  the  charged  dislocation  structure  in  the  alkali  halides  since:  (1) 
crystals  which  have  been  plastically  deformed  to  a  polycrystal  fora  and  are 
mechanically  much  stronger  show  grossly  ENHANCED  electrostrict ion  with 
constants  more  than  an  order  of  magnitude  larger  than  the  single  crystal.  (2) 
Crystals  which  have  been  neutron  irradiated  at  very  high  doses,  so  as  to  pin 
the  dislocations  show  mnch  redneed  constants  with  reduced  dispersion.  In  view 
of  the  above  observations,  it  is  the  contention  of  this  work  that  currently 
accepted  values  of  the  constants  which  have  been  measured  by  the  direct  method 
are  distinctly  suspect.  It  is  perhaps  not  surprising  that  theoretical 
calculations  do  not  agree  with  current  measured  values. 

For  Che  fluorite  structure  crystals  CaFj.  the  values  obtained  measuring 
100,  110  and  111  oriented  crystals  give  a  mutually  sel f-cons is  tent  set.  There 
is  no  significant  dispersion  for  Q^l  (measured  in  100),  and  only  very  slight 
dispersion  for  111  orientation  but  again  the  values  are  larger  than  would  be 
expected  from  simple  theory  and  about  a  factor  of  five  larger  than  values 
obtained  by  the  converse  method  of  measurement. 
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It  has  been  suspected  for  some  time  that  part  of  the  problem  in  making 


direct  measurements  of  electrostriction  parameters  stems  from  the  mounting  of 
the  crystal.  Evidently  it  is  not  possible  to  obtain  the  thickness  change  by 
monitoring  at  a  single  point  on  the  surface,  and  it  is  essential  to  glue  the 

crystal  firmly  in  place  to  obtain  any  reproducibility  in  the  strain 

(14) 

measurement.  Very  recent  optical  dilatometer  measurements  by  Chen  suggest 
that  even  in  non  piezoelectric  crystals  and  ceramics,  flexure  modes  can  be 
excited.  Possibly  surface  space  charge  fields  give  rise  to  weakly 
piezoelectric  surface  layers  and  thus  an  induced  bimorph  mode. 

In  future  work  we  will  re-design  the  dilatometer  to  eliminate  these 
possible  flexure  modes. 

4.2.2  Measurements  by  the  Converse  Method 

Over  the  first  year  of  the  current  contract  period,  a  completely  new 
equipment  for  measuring  the  dielectric  response  of  single  crystals  of  low 
permittivity  solids  under  pure  uniaxial  stress,  has  been  constructed.  In  this 
uniaxial  compressometer,  the  stress  is  applied  to  sample  using  a  simple  lever 
arm  to  provide  high  load  at  the  center  point  of  a  piston  of  hardened  steel.  To 
avoid  poisson  ratio  perturbation  of  the  stress  system,  the  anvils  in  contact 
with  the  crystal  are  made  of  the  same  crystalline  material  cut  in  the  same 
orientation  as  the  sample  under  test. 

For  dielectric  measurement,  the  sample  in  the  form  of  a  thin  disk,  is 
equipped  with  sputtered  metal  electrodes  and  a  full  three  terminal  guard  ring 
system.  Contacts  to  both  guard  and  electrodes  are  made  by  pressure  pads  in 
the  perimeter  of  the  metal  mounting  cylinder  which  are  themselves  fully 
guarded . 

Measurements  of  the  capacitance  under  load  were  carried  out  using  a 
General  Radio  1620  measuring  system  which  is  capable  of  resolving  changes  of 
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order  10  Farads.  Temperature  control  was  effected  by  tie  very  large 
thermal  mass  of  tie  holder  sad  stressing  jig,  and  slow  temperature  drift 
effects  were  eliminated  by  measuring  tie  cianges  induced  by  stress  on  both 
loading  and  unloading. 

Data  for  tie  stress  dependence  of  permittivity  for  100,  110  and  111  cuts 
of  CaFj  are  shown  in  Figure  6.  A  more  detailed  account  of  this  work  is  given 
in  Appendix  15. 

4.2.3  Electrostrict ion  in  High  Permittivity  Crystals 

4. 2. 3.1  Introduction.  Two  topics  have  been  of  major  interest  in  their 
importance  to  tie  basic  understanding  of  electrostriction  in  high  permittivity 
solids.  In  single  crystals  barium  titaaata  (BaTiOj),  there  are  two  earlier 
sets  of  measurements  of  tie  temperature  dependence  of  electrostriction^1'5^ 
which  give  completely  different  treads  for  tie  coefficient  Qjj.  If  »s  is 
suggested  by  the  data  of  Beige  and  Schmidt1'155  tie  constant  Q-j^  is  a  linearly 
decreasing  function  of  temperature  passing  through  zero  at  a  temperature  close 
to  tie  Curie  Weiss  point  Tfi,  then  the  whole  Devonshire  phenomenological 
theoretical  explanation  of  tie  spontaneous  deformations  of  tie  ferroelectric 
phases  is  suspect.  If  on  the  other  hand  Q11  15  only  a  weakly  decreasing 
linear  function  of  T  as  suggested  by  the  data  of  Huibregtse  et  al.^15  ,  the 
Devonshire  phenomenology  is  clearly  adequate  to  describe  the  elasto-die lectric 
properties  of  tie  ferroelectric  phases. 

In  view  of  tie  importance  of  tie  phenomenological  approaches  to  many  of 
the  efforts,  we  have  been  and  are  now  making  to  untangle  intrinsic  and 
extrinsic  contributions  to  ferroelectric  properties,  it  appeared  most 
desirable  to  equip  ourseives  to  make  direct  measurement  of  electrostriction  at 
higher  temperature  and  resolve  the  current  controversy  once  and  for  all. 
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Hiring  constructed  and  calibrated  a  thermal  expansion  compensated 
dilatoaeter  which  would  perform  satisfactorily  at  high  temperature,  our 
attention  became  focused  on  the  interesting  problem  of  electrostrict ion  in  a 
uniaxial  parael ec trie.  In  L.G.D.  theory,  the  average  polarization  P  is  zero 
even  for  temperatures  very  close  to  the  Curie  Point  Tc,  however,  the  theory 
cannot  speak  to  the  dynamical  situation  and  close  to  TQ  one  expects  large 
thermal  fluctuations  of  +P  and  thus  a  non-zero  value  of  P^.  Since  in  a 
uniaxial  crystal  (unique  axis  along  3)  the  strain  is  given  by 

x33  *  Q33 P3 

If  Pj  is  non-zero,  electric  polarization  induced  strain  must  begin  to  appear 
well  above  Tc> 

Clearly,  in  measuring  now  the  induced  strain  due  to  the  application  of 
field  above  Tc<  the  measured  value  of  Q33  will  depend  on  the  make  up  of  the 
induced  average  change  of  P3.  One  may  in  general  expect  at  least  two 
components. 

?a(3)  due  to  regions  whose  polarization  is  changed  from  zero,  and  Pb(3) 
due  to  the  modulation  by  the  field  of  the  thermal  fluctuations,  which  already 

exist.  Pa(3)  will  contribute  to  strain  in  the  normal  manner,  however  because 

2 

e lectrostrict ion  depends  on  P  ,  +P  and  -P  produce  equal  strain  and  modulating 
the  pre-existing  fluctuations  will  no t  modulate  the  strain,  i.e. 

P3  *  Pa<3>  +  Pb (3 ) 

the  induced  strain  will  be 

*33  *  ®33Pa( 3 ) ' 

If.  however,  we  measure  only  the  total  polarization,  we  shall  find  for  the 
induced  strain 
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x33  *  Q33P3 

where  Q33  Is  am  apparent  electrostriction  constant  such  that 


Q33  _  pj(3)  _  [P3~Pb(3)]2 
Q33  P§  P§ 

As  T  ->  Tc  we  expect  “>  P3  and  thus  Qjg  ->  0. 

From  the  manner  in  which  Q33  decreases  as  T  ->  Tc  we  may  then  expect  to 
gain  information  as  to  the  importance  of  fluctuations  in  the  total 
polarisation  process. 


4. 2. 3. 2  Instrumentation.  To  permit  the  direct  measurement  of 
electrostriction  over  a  wide  temperature  range,  our  original  capacitance 
ultradilatometer  has  been  modified  to  reduce  the  sensitivity  and  to  compensate 
the  mechanical  measuring  circuit  for  the  thermal  expansion  of  the  sample 
support  system. 

A  schematic  drawing  of  the  measuring  cell  is  given  in  Figure  7. 
Insulation  of  the  sensing  capacitor  is  now  by  glass  ceramic  for  the  higher 
temperature.  The  outer  container  is  split  so  that  the  support  is  partly  of 
brass  and  partly  of  low  thermal  expansion  inconel  a  sliding  ring  permits  a 
tuning  of  the  expansion  of  the  outer  support  so  as  to  match  sample  and 
standard  (quartz)  and  the  glass  ceramic  support  of  the  inner  structure. 

By  careful  balance  of  this  mechanical  bridge  structure,  it  is  possible  to 
reduce  the  thermal  effects  so  that  the  capacitance  bridge  can  be  worked  at 
high  enough  sensitivity  to  detect  and  measure  the  AC  capacitance  changes 
induced  by  driving  the  standard  and  by  driving  the  paraelectric  sample  under 
measurement  with  reasonable  AC  field  levels. 
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For  the  rtnge  from  20°C  to  200°C,  the  dilatometer  is  capable  of  resolving 
AC  displaceaents  at  frequencies  up  to  25  Hz  of  order  of  0.05  X  (5  x  10  ^ 
meters).  A  complete  description  of  the  development,  calibration  and 
measurements  using  this  AC  dilatometer  is  given  in  the  MS  thesis  of  Mojtaba 
Shishineh.  'A  Simplified  Temperature  Compensated  AC  Dilatometer  for 
El  ec  tros  t  r  ic  t  ion  Measurements.'  The  abstract  for  the  thesis  is  included  as 
Appendix  16. 


4,2. 3.3  Measurements  on  BaTiOj.  The  major  problem  in  this  work  was  not 
the  dilatometer  or  the  difficulty  of  measurement  but  the  problem  of  obtaining 
adequate  crystals  of  BaTiOj  for  this  work.  Remeika  type  samples  were  too  thin 
and  plate  like  to  give  reproducible  displacements.  It  was  not  possible  to 
obtain  new  melt  grown  crystals  from  Saunders  Associates  whose  available 
crystals  were  not  of  adequate  quality.  Best  results  were  obtained  using 
crystals  from  Tyco  Co.  which  had  been  produced  by  edge  defined  growth. 

After  annealing  at  1250°C  to  remove  internal  stress,  these  crystals 
showed  good  optical  extinction,  a  Curie  point  Tc  at  124°C  and  a  Curie  Weiss 
constant  C  m  1.56  x  10^  in  good  agreement  with  accepted  values. 

For  measurements  in  the  range  124  to  140°C,  Qjj  values  were  in  close 
agreement  with  the  data  of  Huibregtse  et  al.  showing  only  a  weak  negative 
temperature  coefficient,  and  falling  in  close  agreement  with  values  calculated 
in  the  ferroelectric  phase  from  P$  and  spontaneous  strain. 

Above  150SC,  measured  values  begin  to  rise  rapidly  due  to  inhomogene  ity 
in  the  field  distribution  produced  by  increasing  current.  Annealing  in  oxygen 

was  tried  to  extend  the  measurable  range  but  without  success. 

(17) 

Very  recently  Roleder  in  Poland  '  has  used  a  compensated  capacitance 
dilatometer  to  extend  measurements  of  to  170#C.  Up  to  150°C  his  data  is 


in  excellent  agreement  with  this  work.  Apparently,  however,  his  crystals  were 


of  higher  resistivity  sad  tip  to  170°C  the  weak  aegstive  temperature 


coefficient  is  found  to  persist. 

It  would  therefore  appear  certain  now  that  the  data  of  Beige  and  Schmidt 
is  in  error  and  that  as  expected,  i*  only  a  weah  linear  function  of 
temperature  and  is  continuous  through  the  Curie  Point  T^. 


4.2.3. 4  Slectrostriction _ La _ the _ Uniaxial _ Ferroelectric 

2io.6l2AO.  39^2—6'  Strontium  Barium  Miobate  (SBN)  crystallizes  in  the 
tetragonal  tungsten  bronze  structure  with  4/amm  point  symmetry  in  the 
paraelectric  phase.  The  four-fold  axis  of  the  prototype  is  a  unique  non— polar 
axis  so  that  the  ferroelectric  species  4/mmm  (1)  D4F  4mm  in  Shuvalov's 
notation  is  uniaxial  with  only  2  available  orientation  states  +  along  the  4 
axis. 


In  earlier  studies  in  MR 1,  Shrout^18^  developed  the  complete  L.G.B. 


phenomenology  for  SBN. 

For 

the  4/mmm 

symmetry,  the 

non-zero  in  matrix 

form  are  -  Q22<  Q12 

*  Q21 

'  Q13  *  **23 

•  Q31  *  Q32  Q33 

'  Q44  *  a55  “d  Q66 
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Shrout  determined  Q33  both  by  measuring  P$  and  the  strain  *33,  and  by 
measuring  the  p  iezoel  ec  trie  constant  d^  in  the  single  domain  state. 

In  the  former, 


x33 


Q33P3 


gave 


*33 


3.4 


10“2  m 4 / c 2 
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•ad  the  letter 


d33  “  2*o833Q33Ps  *8ye  Q33  ”  3-°  x  10"2  m4/c2 
in  reesoneble  accord. 

Above  Tc,  Shrout  measured  3  and  d^^  in  DC  field  biased  crystals  to 

yield 

Q33  *  1.65  x  10“2  m4/c2 


and 

Qjl  -  0.45  x  10-2  a4/c2. 

At  that  tine  we  could  give  no  reasonable  explanation  for  the  discrepancy.  In 

fact,  near  to  T„  the  measured  data  did  not  correspond  to  the  expected  fora  and 
c 

a  method  due  to  Noaara^1^  was  used  to  correct  for  an  apparent  non-zero 
coupling  k33  at  zero  bias. 

In  the  present  study  C.  Sundins  measured  Qj1#  Q33  and  Q33  using  the 
capacitance  dilatometer  to  measure  AC  displaceaent  due  to  the  application  of 
AC  field  at  temperatures  above  Tc.  Sawyer  and  Tower  method  was  used  to 
display  the  dielectric  non-linearity  and  to  determine  the  polarization  valne 
corresponding  to  the  measured  strain. 

Results  are  summarized  in  Figures  8  and  9.  Clearly  Q33  and  Q33  are 
markedly  temperature  dependent  approaching  zero  at  the  Curie  temperature  Tc  ~ 
77*C.  The  constant  <2^,  however,  appears  to  be  completely  temperature 
independent . 

It  is  interesting  to  note  that  Q33  is  changing  quite  markedly  with 

temperature  even  at  180°C  more  than  100°C  above  Tc,  and  has  still  not  attained 

—2  4  2 

the  expected  value  Q33  ~  3.0  x  10  m  /c  .  <23^  appears  to  saturate  much  more 

quickly  and  even  at  150°C  is  close  to  the  value  measured  by  Shrout  in  his 
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resonance  experiments.  A  detailed  account  of  this  work  has  been  given  in  the 
MS  thesis  of  Carol  Snndins  'Direct  Measurement  of  the  Temperature  Dependence 
of  Electrostriction  Coefficients  in  strontium  barium  niobate.  The  abstract 
for  this  thesis  is  included  in  this  report  as  Appendix  17. 

Ve  may  note  that  in  SBN  the  transition  at  77aC  is  slightly  diffuse  even 
for  the  congruent  melting  61:39  compositions,  and  some  persistance  of  the 
polar  phase  above  Tg  is  to  be  expected.  For  these  bronzes,  fluctuation 
effects  in  P3  should  be  particularly  strong.  It  is  also  comforting  to  note 
that  for  induced  effects,  flnctnations  should  be  very  small,  and  in  fact  we 
find  temperature  independent  as  expected.  Additional  work  on  low  level 
electrostriction  is  presented  in  Appendix  18,  and  on  the  direct  measurements 
in  Appendix  19. 

Evidently,  all  phenomena  which  depend  on  p|  should  be  anomalous  near  Tfi. 
Ve  hope  to  confirm  these  fluctuation  effects  by  measurements  of  the  thermal 
expansion  and  of  the  optical  birefringence  just  above  Tc. 

4.2.3. 5  Practical  Electrostr ic tor s.  Over  the  past  year  effort  has  been 
concentrated  upon  the  PLZT  family  of  relaxor  materials  over  the  composition 
range  from  7:63:33  to  9.3:65:33  PLZT. 

Detailed  studies  of  the  polarizing  and  depolarizing  behavior  in  the  hot 
pressed  transparent  ceramics  have  been  carried  through  to  explore  the  nature 
of  the  'depoling  transition’  in  the  8:65:35  composition  and  the  manner  in 
which  this  is  modified  by  change  in  the  LajO^  content.  This  work  was 
presented  at  the  European  Meeting  on  Fe rroe lec tr ic i ty  and  is  included  as 
Appendix  20. 

In  summary,  it  is  clear  that  large  remanent  electric  polarizations  can  be 
built  up  at  low  temperature  across  the  whole  composition  range  by  cooling 
under  DC  bias.  For  all  compositions  studied,  depoling  occurs  at  temperature 
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well  below  the  temperature  of  maximum  dielectric  permittivity  and  becoaes 
progressively  aore  gradual  with  increasing  La^Oj  content.  A  aodel  involving 
tlie  ordering  of  superparselectric  aicro-regions  under  field  accounts  well  for 
all  observed  behavior. 

Elastic  strains  accompanying  polarization  increase  but  become  aore 
hysteritic  with  decreasing  lanthanum  content.  The  9.5:65:32  composition  has 
anhysteritic  transverse  strains  almost  double  those  in  the  Pb(Mg^^^2/3^3* 
PbTiOj  solid  solutions  at  the  3  mole%  PbTiOj  composition  and  should  be  of 
interest  for  aicropos itioner  applications.  Additional  work  in  this  area  is 
reported  in  Appendices  21-23. 


Over  the  current  contract  year,  work  has  been  continued  to  explore  the 
property  changes  in  pure  and  in  doped  PZT  ceramics  over  the  low  temperature 
range  down  to  4°E.  The  emphasis  has  been  to  explore  the  'freeze  out'  of  the 
extrinsic  domain  wall  and  phase  boundary  contributions  to  dielectric, 
piezoelectric  and  elastic  properties.  The  approach  makes  use  of  the 
thermodynamic  phenomenology  developed  on  earlier  contract  funds  to  calculate 
the  base  of  single  domain  intrinsic  properties  and  the  manner  in  which  they 
should  vary  with  temperature  and  with  zirconia: titania  ratio. 

Neutron  diffraction  and  scattering  experiments  have  been  used  to  explore 
the  single  cell:multi  cell  rhombohedral  phase  change  in  the  PbZrQ  gTig 
composition.  The  data  suggest  the  possibility  of  a  short  range  order  in  the 


Zr:Ti  distribution  or  possibly  a  precursor  of  the  tetragonal  phase  which 
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becomes  stable  at  morphotropy. 


In  two  abort  stadias,  a  not  hod  of  continaoas  poling  for  long  PZT  rods  or 
sheets  has  b««n  explored,  and  a  new  techniqae  for  poling  soft  PZT s  by  cooling 
through  Te  ander  quite  weak  fields  has  been  explored. 


In  studies  initiated  last  year,  it  was  observed  that  for  a  number  of 
differently  doped  PZTs  ranging  from  hard  acceptor  doped  compositions  to  very 
soft  donor  doped  formulations,  the  dielectric  permittivity  ^33.  the 
piexoelectric  dj 3  and  d3^  all  appear  to  come  to  common  values  at  4K.  pure 
PZTs,  on  the  other  hand,  which  have  been  chemically  prepared  with  differing 
Zr:Ti  ratios  do  not  come  to  common  values,  and  the  profile  of  the-  intrinsic 
behavior  is  reflected  in  the  low  temperature  response. 

A  more  extensive  series  of  measurements  on  doped  compositions  has 
confirmed  fully  the  earlier  study.  Dielectric  data  for  a  wider  range  of 
frequencies  shows  very  marked  differences  in  the  loss  spectra  for  the 
different  doping  cations  and  we  are  in  the  process  of  sorting  out  the 
activation  energies  and  distribution  functions  for  these  loss  spectra. 

The  low  temperature  permittivity  level  is  in  excellent  agreement  with  the 
value  calculated  from  phenomenological  theory  using  the  Curie  constant  value 
of  7.7  x  10^  determined  from  thermal  measurements.  Extrapolating  back  to  room 
temperature,  however,  it  is  clear  that  even  in  the  very  hard  PZT  almost  30%  of 
the  measured  permittivity  is  extrinsic,  and  that  in  soft  compositions  the 
extrinsic  component  is  quite  dominant.  Appendix  24. 

For  d^  and  it  is  more  difficult  to  decide  a  proper  averaging  in  the 

ceramic  from  the  intrinsic  single  domain  values.  Both  for  d33  and  d^,  the 
calculated  single  domain  values  are  larger  than  the  observed  values  at  4K. 


This  could  reflect  a  smaller  contribution  from  d^  to  £33  and  J33  or  the 
influence  of  the  degree  of  poling  in  these  doped  samples. 
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Vork  is  sow  in  progress  to  extend  measurements  to  higher  field  levels  to 
determine  the  temperature  dependence  of  Ec  the  coercive  field,  and  to  explore 
the  kinetics  of  switching  at  these  low  temperatures.  In  parallel  studies,  we 
are  extending  and  refining  the  phenomenological  theory  so  as  to  be  able  to 
encompass  the  single  cell:multi  cell  compositions  towards  the  tirconia  rich 
end  of  the  phase  diagram. 

5.J  Diffraction  Studies 

5.3.1  Neutron  Diffraction  of  Pb(ZrQ  _  sTi0 _  4O3 

Neutron  diffraction  and  diffuse  scattering  experiments  have  been  carried 
out  upon  chemically  prepared  powders  of  Pb(Zr0  gTig  4)03-  Analysis  of  the 
pseudocubic  311  reflection  indicates  that  the  phase  change  from  single  to 
mntli-cell  forms  is  quite  diffuse  and  takes  place  in  the  range  from  2520  to 
300*1.  This  is  in  reasonable  extrapolation  of  the  existirg  phase  diagram, 
where  the  room  temperature  boundary  is  near  the  PbZr0  g4TiQ  35O3  composition. 

The  diffuse  scattering  both  at  295K  and  at  221X  shows  an  interesting 
modulation  consistent  with  a  small  shift  of  the  oxygen  ions  in  the  octahedra 
about  the  Ti*  +  ,  with  some  evidence  of  a  tendency  towards  ordering  of  the  Zr 
and  Ti  atoms. 

Phenomenological  calculations  suggest  that  at  the  60:40  composition,  the 
Gibbs  Free  Energies  of  tetragonal  and  rhombohedral  forms  are  quite  close  so 
that  the  possibility  exists  for  local  s tab il iza t iou  of  nuclei  of  the 
tetragonal  phase,  by  local  stress  fields  or  chemical  inhomogeneities. 

This  work  is  discussed  in  more  detail  in  Appendix  25. 

5.3.2  Hixh  Temperature  I-rav  Studies 

It  has  been  suggested  by  Kakegawa^^  that  x-ray  line  profile  studies  in 
the  cubic  phase  above  the  Curie  point  Tc  may  be  used  as  a  sensitive  indicator 
of  the  degree  of  homogeneity  in  the  Zr:Ti  ratio  is  a  PZT.  In  fact,  the 
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broadening  is  a  sensitive  indicator  of  aicrostrain  in  the  powder  and  it  is 
assumed  that  in  the  cubic  structure  above  TQ  this  aicrostrain  is  caused  by 
unaixing  of  the  zirconiua  and  titanium  ions  which  are  markedly  different  in 
atomic  size. 

To  see  if  the  technique  could  be  applied  as  a  relatively  simple 
'screening  test*  for  PZT  powders,  powder  samples  were  prepared  from  six 
different  PZT  transducer  formulations  supplied  by  the  Navy  Underwater  Sonnd 
Seference  Division  in  Orlando,  Florida,  and  compared  to  a  chemically  prepared 
PZT  powder  made  here  in  the  Laboratory. 

Measurements  were  made  on  a  General  Electric  XRD6  using  a  specially 
designed  hot  stage.  Profiles  were  obtained  for  (100),  (110),  (111),  and  (200) 
lines  at  400  ±  0.5#C  using  pure  Si  powder  as  an  internal  standard.  A 
correction  was  made  for  instrument  broadening,  but  no  attempt  was  made  to  make 
the  measurements  absolute  as  only  relative  differences  in  broadening  between 
the  different  samples  were  of  interest. 

Initial  data  suggest  that  the  technique  does  show  up  systematic 
differences  in  homogeneity  between  samples  from  different  sources. 
Unexpectedly,  the  chemically  prepared  samples  which  had  only  been  heat  treated 
to  600°C  showed  the  largest  broadening.  Heat  treatment  of  this  sample  to 
1,100*C  reduced  the  broadening  markedly  indicating  that  simple  chemical  co- 
precipitation  is  not  of  itself  a  guarantee  of  atomic  mixing.  This  latter  is 
in  agreement  with  Eakegawa's  work  which  indicates  quite  wide  differences 
between  different  chemical  preparation  methods. 

At  the  present  stage,  it  is  too  early  to  recommend  the  method  for  general 
use.  but  it  certainly  merits  additional  study  to  attempt  to  correlate  the 
heterogeneity  with  other  characteristics  of  the  piezoelectrics. 
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5.4  Poling  Stadias 

5.4.1  Continuous  Poling 

A  now  technique  has  been  developed  for  poling  PZT  fibers  end  ribbons 
elong  their  length,  end  is  the  subject  of  Nevy  Petent  epplicetion.  The  method 
gradually  advances  the  sample  past  two  flexible  surface  electrodes  which  ere 
kept  at  a  DC  potential  difference.  With  electrodes  on  both  sides  of  a  ribbon, 
thicknesses  up  to  1.4  am  have  been  poled  in  PZT  501A.  Details  of  the  nethod 
are  given  in  Appendix  26  which  also  discusses  the  applications  for  pre— poled 
rods  and  ribbons  in  composite  transducers. 

5.4.2  Curie  Point  Poling  of  PZT  501A 

lie  inherently  high  resistivity  of  donar  doped  soft  PZTs  can  be  exploited 
to  enable  poling  at  very  low  field  levels  by  cooling  through  the  Curie  point 
Tc  under  DC  bias.  Fields  between  5  and  8  kV/cm  were  found  to  give  superior 
properties  to  those  obtained  by  conventional  poling  at  25  kV/cm  in  a  140°C  oil 
bach,  when  the  field  was  applied  above  TQ  and  the  sample  cooled  at 
-10*C/minute  to  a  temperature  well  below  T  . 

Permittivity  e^,  d^j,  and  kp  the  planar  coupling  were  all  larger  in  the 
Curie  point  poled  samples.  More  details  of  this  study  are  given  in  Appendix. 

6.  PREPARATIVE  STUDIES 

6.1  Reaction  Sequence  in  the  Formation  of  Lead  Zirconate : Lead  Titanate 

Studies  showing  the  important  influence  of  the  PbO  and  ZrOj  raw  materials 
upon  the  reaction  sequences  which  lead  to  the  formation  of  the  PbTiO^PbZrOj 
solid  solution  have  now  been  completed  and  published.  The  very  marked 
influence  of  the  nature  of  the  Zr<?2  powder  upon  some  of  the  intermediates  in 
the  calcining  reaction  sequence  have  been  clearly  documented.  Details  of  this 
study  are  given  in  Appendix  28. 
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6.2  Molten  Salt  Synthesis 

6.2.1  Preparation  of  Lead  Metaniobate 

The  reaction  of  lead  oxide  and  niobina  oxide  heated  in  molten  KCl  or  NaCl 
has  been  shown  to  lead  to  partial  substitution  of  the  alkali  ion  to  replace  Pb 
ions  in  Pbffi^O^*  The  incorporated  alkali  ions  stabilize  the  tetragonal 
tnngsten  bronze  structure,  but  reduce  the  ferroelectric  Curie  temperature. 
The  reactivity  of  NaCl  is  greater  than  SCI,  and  can  lead  to  the  formation  of  a 
NaNbOj  phase  with  some  incorporated  lead.  This  work  is  discussed  in  Appendix 
29. 

Recently  studies  have  been  extended  to  flai®s*  In  this  case,  the 
tetragonal  structure  is  not  obtained,  and  the  equilibrium  rhombohedral  phase 
is  obtained  as  would  be  expected  thermodynamically.  Powders  with  highly 
acicular  geometry  in  the  ferroelectric  tetragonal  form  obtained  from  the  KCl 
flux  are  now  being  tested  for  incorporation  in  grain  oriented  ceramic:plastic 
composites. 

6.2.2  Grain  Oriented  PbB^Nb^O;? 

The  molten  salt  method  has  been  used  to  synthesize  platey  crystallites  of 
the  bismuth  oxide  layer  structure  ferroelectric  PbB^NbjOg  which  have  a  very 
large  shape  anisotropy.  Tape  casting  and  simple  uniaxial  hot  pressing  have 
been  used  to  fabricate  ceramics  with  orientations  of  better  than  90%  and 
densities  of  96%  theoretical.  Details  of  this  work  are  given  in  Appendix  30. 

6 . 3  Synthesis  of  PbTiOj : BiFeO^  Solid  Solutions 

PbTiOj  and  BiFeO^  are  known  to  form  complete  solid  solution  and  to 
crystallize  in  the  cubic  perovskite  structure.  PbTiO^  undergoes  a  phase 
change  to  a  tetragonal  ferroelectric  form  at  470°C,  and  this  ferroelectric 
Curie  temperature  increases  with  increasing  BiFeOj  in  the  solid  solution.  For 
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compositions  in  the  region  of  70  mole*  BiFeOj,  s  morphotropic  phase  boundary 
occurs  between  a  tetragonal  and  a  rhoabohedral  ferroelectric  fora.  There 
appears  to  be  a  narrow  region  of  co-ezistence  but  beyond  30  mole*  BLFeOj  only 
the  rhoabohedral  phase  is  stable. 

In  the  present  study,  powders  of  different  coapositions  in  the  range  0.5 
to  0.8  mole*  BiFeOj  have  been  fabricated  froa  the  aired  oxides.  Coaainution 
to  an  average  particle  size  of  5  jia  was  accoaplished  by  a  water  quenching  of 
the  calcined  cake.  It  appears  that  the  very  high  tetragonal  c/a  ratio  in  the 
ferroelectric  fora  leads  to  spontaneous  rupture  as  the  aggloaerated  powder  is 
quenched  through  the  Curie  point. 

Powders  are  now  being  incorporated  into  suitable  elastomer  matrix  phases 
to  fora  0-3  connected  piezoelectric  composites. 

5.4  Eelaxor  Ferros lactrics 

In  conjunction  with  the  Dielectric  Center  Stndies,  the  effects  of  soae  14 
aodifier  cations  incorporated  into  lead  magnesium  niobate  have  been  assessed. 
Properties  studied  were  the  sintering  characteristics,  dielectric  properties, 
electrostrictive  and  the  diffuseness  of  the  phase  change  at  T#.  To 

maintain  the  perovshite  structure,  dopant  levels  were  less  than  10  mole*  of 
the  added  oxide.  In  general,  the  maximum  dielectric  permittivity  increased 
linearity  with  increasing  Curie  temperature.  Linearity  of  dielectric  response 
decreased  with  increasing  permittivity.  The  electrostrict  ion  constant  Q12 
decreased  with  increasing  diffuseness  of  transition,  as  measured  by  the 
frequency  dispersion. 

A  detailed  account  of  this  study  is  given  is  Appendix  31. 
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In  connection  with  oar  program  to  aeaaare  elec trostriction  parameters  of 
simple  cnbic  crystals,  it  was  necessary  to  grow  crystals  of  the  fluoride 
perovskites  IMgFj,  KMaFj,  KZn Fj  and  ICaFj.  The  technique  chosen  was  the 
Stockbarger  method.  Starting  chemicals  were  high  parity  flnoride  KF,  MgFj* 
ZnFj.  MnFj  and  CaF2«  Stoichiometric  proportions  were  reacted  and  pre-nelted 
in  a  conical  closed  graphite  crucible.  The  crucible  was  used  in  the 
Crystallox  crystal  growth  system,  and  acted  as  the  susceptor  for  B_F.  heating. 
Cooling  from  the  bottom  of  the  crucible  was  accomplished  by  lowering  out  of 
the  BF  coil  and  thus  uncoupling  the  susceptor,  while  rotating  the  crucible  to 
even  out  latteral  gradients. 

Lowering  rates  ~3  mm/hour  were  found  to  be  optimum.  The  best  samples 
produced  so  far  have  been  for  KMgF^  where  we  have  generated  single  crystal 
boules  in  1 ' '  in  diameter  and  over  1''  long. 

6.5.2 

A  major  growth  effort  has  been  concerned  with  the  attempt  to  grow  single 
crystal  of  lead  barium  niobate  at  compositions  very  close  to  the 
Pb(j.gBao.4Nb20g  composition  of  the  morphotropic  phase  boundary.  The  MPB  in 
this  system  is  between  a  tetragonal  4  mm  and  on  orthorhombic  mm2  symmetry 
ferroelectric  phase,  but  unlike  the  perovskite  PZT  system,  the  two  modes  of 
polarization  are  symmetry  independent  and  the  transition  occurs  because  of  an 
accidental  degeneracy  between  the  two  Curie  temperatures  which  vary  in 
opposite  manner  with  Bah^^g  addition  to  Pbfft^Og- 

The  growth  effort  is  shared  with  a  Rockwell  sponsored  program  which  seeks 
to  use  the  bronze  close  to  the  MPB  for  device  application.  In  compositions  on 
the  tetragonal  side,  increases  as  the  composition  comes  closer  to  that  of 
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ABSTRACT 


Piezoelectric  PZT-polymer  1-3  and  1-3-0  composites  were  transversely 
reinforced  with  glass  fibers  co  increase  Che  hydrostatic  piezoelectric 
charge  and  voltage  coefficients  (d^  and  g^)  for  possible  use  in  hydro¬ 
phone  applications.  Modeling  of  these  composites  theoretically  predicted 
large  enhancements  depending  on  the  volume  fractions  of  ?ZT  rods,  glass 
fibers,  and  polymer  porosity,  and  on  the  Poisson' 3  ratio  and  compliance 
of  the  polymer  matrix.  Experimentally  fabricated  composites  also  shewed 
significant  improvements  in  these  coefficients  with  similar  trends  as 
theoretically  predicted.  These  composites  consisted  of  a  foamed  or  non- 
: earned  polymer  matrix  with  ?2T  rods  aligned  parallel  to  the  poling  direc¬ 
tion  and  glass  fibers  in  the  evo  transverse  directions.  The  addition  of 
glass  fibers  greatly  decreased  the  transverse  piezoelectric  charge 
coefficient  (d3^)  by  carrying  most  of  the  lateral  stresses,  while  also 
reducing  the  adverse  internal  stresses  that  develop  at  the  ?ZT/ polymer 
interface.  The  longitudinal  piezoelectric  charge  coefficient  (d33)  is 
relatively  unaffected,  because  the  PZT  rods  carry  most  of  the  stress  in 
the  poling  direction.  This  decoupling  of  Che  d3^  and  d33  coefficients 
enhances  the  hydroetatic  piezoelectric  charge  coefficient  (d.  )  .  Tue  to 
the  small  percentage  of  PZT  required,  these  composites  have  densities 
near  chat  of  water,  and  much  lower  dielectric  constants  than  solid  PIT, 
resulting  in  large  increases  in  the  hydrostatic  piezoelectric  voltage 
coefficient  (1^)  .  3y  increasing  the  and  g^  coefficients  the  d.^g^ 
product,  used  as  the  figure  of  merit,  is  greatly  enhanced. 
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ABSTRACT 


Lead  zirconace-citanaca  (?2T)  la  widely  used  as  a  transducer 
material  bccausa  of  lea  high  piezoelectric  coef f iciancs .  Howaver,  for 
application  in  hydrophones,  PZT  is  a  poor  material  for  several  reasons. 
The  hydrostatic  piezoelectric  coefficient,  d^  (•  d^  +  2d^) .  is  vary 
Low.  The  piezoelectric  volcaga  coaff iciancs ,  and  g^,  are  low 
because  of  che  high  dialacsrlc  conseane  of  PZT  (1300) .  The  acsuscic 
matching  of  PZT  vish  waear  is  poor  because  of  lea  high  densities 
(7.9  g/ce).  Moreover,  is  is  a  bristle,  non-flexible  ceramic. 

In  eha  last  decade,  several  investigators  have  cried  Co 
fabricate  composites  of  P2T  and  polymers  Co  overcome  che  above 
problems  of  PZT.  It  has  been  shovn  chat  is  is  possible  to  improve 
upon  che  piezoelectric  properties  of  homogeneous  ?ZT  by  che  composite 
approach.  The  concept  Chat  che  connectivity  of  che  individual  phases 
concrol  che  che  resulting  properties  has  been  demonstrated  in  a  number 
of  composites  with  different  geometry  and  different  connectivity  of  the 
Individual  phases.  The  piezoelectric  properties  of  these  composites 
are  such  sore  superior,  compared  es  single-phase  PZT.  However,  some 
of  che  earlier  composites  suffer  from  the  disadvantages  of  difficulty 
In  preparation  or  reduction  in  hydrostatic  sensitivity  with  increasing 
pressure.  Thus,  there  still  exists  a  need  co  further  improve  che 
piezoelectric  properties  of  these  composites,  especially,  1:  is 


desirable  co  have  Che  composites  prepared  without  any  problems  In 
processing  and  fabrication  and  also  show  high  figures  of  merit  for 
hydrophone  applications  with  little  or  no  variation  in  static  pressure 
sensitivity  under  hydrostatic  loading. 

In  the  present  work,  based  on  the  theory  of  connectivity  ana 
che  earlier  work  on  composites  with  different  connectivities,  new 
composites  with  different  connectivity  patterns  were  fabricated,  and 
their  performance  was  evaluated  for  hydrophone  applications.  Most  of 
the  work  was  concentrated  on  composites  with  3-1  and  3-2  conneccivicy . 
These  composites  were-  prepared  by  drilling  either  circular  or  square 
holes  in  prepoled  PZT  blocks,  in  a  direction  perpendicular  to  che 
poled  axis  and  by  filling  Che  drilled  holes  with  Spurrs  epoxy.  Initial 
theoretical  modeling  of  the  piezoelectric  properties  of  these  composites 
had  shown  a  significant  reduction  in  dielectric  constants  and  a  large 
enhancement  in  Che  piezoelectric  and  coefficients.  -  The  above 
model  predicted  large  veriaclons  in  both,  the  dielectric  and  piezo¬ 
electric  properties  of  composites  on  the  geometry  of  composites  (hole 
size,  width  and  thickness).  The  model  also  predicted  higher  figures 
of  meric  for  3-2  composites. 

Experimentally,  Che  effects  of  several  variables,  such  as 
poling  of  che  composites  during  different  stages  of  sample  preparation, 
geometry  and  size  of  che  composite  and  use  of  coupling  agents,  etc.  on 
dielectric  and  piezoelectric  properties  of  3-1  composites,  were 

investigated.  On  samples  optimized  for  hydrophone  performance,  the  T, 

n 

and  d^g^  coefficients  of  composites  were  about  4  and  40  times  greater 
for  3-1  composites  and  23  and  130  times  greater  for  3-2  composites  th.i 
those  of  solid  PZT,  respectively.  For  3-1  composites,  there  -as 


n 


practically  ao  variation  of  g^  with  pressure  up  to  3.4  MPa.  la  the 
case  of  3-2  composites,  there  was  a  alight  variation  of  g^  vith  pressure. 
Experimentally  observed  trends  in  the  variation  of  dielectric  and 
piezoelectric  properties  of  both  3-1  and  3-2  composites  were  similar 
to  chose  predicted  by  the  model,  and,  as  predicted  by  the  model, 

3-2  composites  shoved  higher  piezoelectric  figures  of  merit  than  3-1 
composites. 

As  pert  of  the  present  woric,  a  simple  procedure,  suitable  for 
mass  production  was  developed  to  prepare  composites  of  ?ZT  spheres  with 
a  polymer.  In  this  method,  PZT  spheres  of  different  size  could  be 
prepared  by  grinding  ?2T  cubes  for  several  hours.  Later,  the  PZT  spheres 
were  arranged  in  a  monolayer  and  were  covered  with  a  suitable  polymer 
to  obcain  composites  with  a  1-3  connectivity  pattern.  These  composites 
had  lover  density  and  dislsctric  constants  than  solid  PZT,  and  the 
values  of  d^  and  d^g^  of  these  compceitas  were  comparable  with  the 
corresponding  values  of  ?Z7.  With  this  method,  it  is  possible  to 


prepare  Large  areas  of  flexible  composites  with  reproducible  properties. 


APPENDIX  3 


ain  m 
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Abstract  Piezoelectric  PZT-polymer  1-3  and  1-3-0  composites 
were  transversely  reinforced  with  glass  fibers  to  increase  the 
nydrostacic  piezoelectric  coefficients  for  possible  use  in 
hydrophone  applications.  Modeling  of  these  composites  theore¬ 
tically  showed  chat  the  ai7Ih  siijura  of  merit  is  a  function  of 
the  volume  fractions  of  PZT  rods,  glass  fibers,  and  polymer 
porosity,  and  of  the  Poisson's  racio  and  compliance  of  the 
polymer  matrix.  Experimental  results  showed  significant 
enhancements  of  the  d'ngh  figure  of  merit  with  the  addition  of 
glass  fibers.  Comparisons  of  the  theoretical  predictions  and 
Che  experimental  results  were  made. 


INTRODUCTION 

Lead  zirconace  ticanace  (PZT)  ceramics  have  low  hydrostatic 
piezoelectric  charge  and  voltage  coefficients,  d^  and  g-n,  respec¬ 
tively.  Even  though  the  magnitudes  of  the  d33  and  ^^.coefficients 
are  large,  the  hydrostatic  coefficient  dj,  (*  ^ 3 3“^*2d 3 )  is  low, 
because  the  333  and  d3^_  are  opposite  in  sign.  The  hydrostatic 
coefficient  g-n  (*  d^/ £3)  is  also  small,  because  the  permittivity 
€3  is  high  for  PZT.  with  Che  basic  idea  of  decoupling  the  d 3 3  and 
d3]_  coefficients  and  lowering  the  permittivity,  PZT-polymer  compo¬ 
sites  of  different  connectivity  patterns  have  been  fabricated  with 
remarkable  improvements  in  the  d-a  and  g-n  coefficients1. 

One  type  of  connectivity  pattern  that  has  been  particularly 
successful  is  the  1-3  composite  with  PZT  rods  aligned  in  the  poling 
direction  (X3)  held  together  by  a  polymer  matrix.  The  stiffer  PZT 
ods  support  mosc  of  an  applied  stress  in  the  .-<3  direction,  due  to 
he  parallel  connection  with  the  more  compliant  polymer  phase.  The 
33  coefficient  of  the  composite  wouid  ideally  be  equal  to  the  033 
of  single-phase  PZT.  In  the  :<t_  and  directions  of  the  comocscce 
the  PZT  rods  are  connected  in  series  with  the  polymer  matrix.  This 
leads  to  a  reduction  of  the  coefficient  compared  to  single-ohas 
PZT.  Thus  the  dvj  coefficient  for  a  .-3  composite  is  increases,  '.'it 
the  replacement  of  PZT  with  polymer,  the  permittivity  of  t.-.e  contest 
is  greatly  reduced,  resulting  in  a  sigr.if icantly  enhances  g-„  cceffi 
cient. 

The  Poisson’s  racio  of  the  polymer  is  a  very  important  param¬ 
eter  in  designing  composites  for  hydrostatic  applications .  If  one 
Poisson's  ratio  of  the  polymer  is  large,  the  polymer  will  be 
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hydroscacicaily  incompressible,  and  adverse  internal  stresses 
develop  ac  the  ceramic-polymer  interface,  which  ::n:::iu:3  cc  :.-.e 
d3]_  coefficient.  Porosity  can  be  introducec  in: a  the  polymer  pr.ase 
ca  decrease  these  internal  stresses.  Glass  fibers  aligned  in  the 
xi_  and  x?  directions  of  the  composite  vill  a_sc  reduce  the  internal 
stresses,  with  the  additional  benefit  of  supporting  the  transverse 
stresses,  decreasing  the  133  coefficient  -without  appreciable  reduc¬ 
tion  of  the  d33  coefficient.  The  effect  of  glass  fibers  as  trans¬ 
verse  reinforcement  in  1-3  and  1-3-0  composites  vas  investigated. 
The  product  of  the  d^  and  g-n  coefficients  vas  used  as  the  figure  of 
merit . 

THEORETICAL  MODELING 

The  theoretical  modeling  of  piezoelectric  PIT-polymer  compo¬ 
sites  provides  the  understanding  required  for  the  selection  of  the 
properties  of  the  materials  used  and  the  connectivity  needed  for 
the  optimization  of  the  desired  figure  of  merit.  In  this  section, 
the  modeling  of  1-3,  1-3-0,  1-2-3,  and  1—2—3  — 0  piezoelectric  compo¬ 
sites  will  be  described  to  demonstrate  the  improvements  in  proper¬ 
ties  that  are  theoretically  possible  through  the  use  of  composites 
compared  to  single-phase  PZT-. 

The  following  assumptions  vere  made: 

1)  The  fibers  are  homogeneous,  linearly  elastic,  regularly  an 
closely  spaced  in  square  arrays,  ar.c  perfectly  aligned. 

2)  The  matrix  is  homogeneous,  and  linearly  elastic. 

3)  Perfect  bonding  exists  between  constituent  pnasas. 

4)  Constant  stress  exists  across  parallel  connections. 

5)  Constant  strain  exists  across  series  connections. 

5)  Planes  of  equal  strain  exist  throughout  individual  fibers 
:'no  buci<lir.g  of  fibers  occurs',.  Thus  the  fibers  are  supportac  by 
the  regions  of  fiber  cross  over. 

')  Polymer  porosity  is  represented  by  an  equivalent  cubic 
vo  Lume . 

The  alascic  properties  of  the  PZT,  polymer  and  glass  fiber 
phases  are  accounted  for,  along  with  the  internal  stress  effects 
due  to  the  differences  in  the  333  compliance  coefficients  of  the 
phases.  The  addition  of  polymer  porosity  has  also  been  accounted 
for  through  the  modification  of  the  elastic  properties  of  the 
polymer  phase. 

The  d 3 3  and  133  coefficients  vere  determined  by  modeling  the 
stresses  in  the  x^  and  directions  of  the  composite  separate.;*. 

In  each  of  these  directions,  the  composite  vas  divided  into  cistmtt 
parallel  sections  that  vere  either  sir.g.e  phase  or  a  series  connec¬ 
tion  of  two  or  more  pnases.  3v  oecemr.mg  the  cesirec  properties 
of  the  individual  sections  vich  series  nonets,  the  sections  vere 
then  combined  with  parallel  mcce.s.  The  resu.cmg  equations  re.ate 
the  p iezoelec cr ic  coefficients  of  che  conposice  cc  che  volume  frac¬ 
tions  ar.c  macena.  conscar.cs  of  c re  constituent  pr.ase. 
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From  che  aocei,  che  dependencies  of  che  ovgh  figure  of 
were  found  vich  raspecc  co  che  volume  fraccicr.s  of  PZT  rocs 
fibers,  ana  polymer  porosicy,  and  che  Poisson's  racio  and  : 
or  che  polymer  macrix.  Figure  1  shows  chree  dimensional  sur 
che  iKg'n  figure  of  meric  plocced  agair.sc  che  volume  of  frac 
PZT  rods  and  glass  fibers  for  an  unfoamed  epoxy  nacrix,  an 
poiyurechane  macrix,  and  a  cvency  percenc  foamed  pclyurecha 
respeccively .  The  following  general  observacions  were  made 

1)  The  addicion  of  glass  fibers  co  all  chree  polymer 
signif ioancly  improves  che  o-ng-n  figure  of  meric. 

Z)  Even  chough  che  compliance  of  poiyurechane  i 

cwo  orders  of  magnicude  greacer  chan  rhac  of  epoxy,  low  fig 
meric  are  seen  when  no  glass  fibers  are  preser.c.  This  is  d 
che  nigh  Poisson's  racio  of  poiyurechane,  whio.n  oreaces  lar 
adverse  incernal  scrasses  ac  che  ?ZT-?olymer  incerface  chac 
buce  co  che  coefficienc. 


(a)  Unfoo»«d  Epoxy  Motrix 
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(b)  Un foamed  Polyurethane  Matrix 
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3)  The  addition  of  glass  fibers  and/or  polymer  porosity 
lowers  the  Poisson's  ratio  of  the  polymer,  reducing  the  internal 
stresses,  and  thus  increasing  the  figure  of  merit. 

1)  With  increasing  compliance  of  the  polymer  matrix  (epoxy  < 
polyurethane  <  foamed  polyurethane;,  the  maximum  IsTgh  -igure  rf 
merit  increases,  and  shifts  to  smaller  volume  fractions  of  ?ZT  rocs 
and  glass  fibers. 

5)  As  the  volume  fraction  of  glass  fibers  approaches  the  maxi 
mum  of  0.1  (the  fibers  are  touching),  the  d^g^  figure  of  merit 
decreases,  because  the  glass  fibers  significantly  reduce  the  stress 
on  the  PZT  rods  in  the  X3  direction. 

ggSHIMEHAL  PS0CZ3USE 

Fabrication  of  PZT-polymer  composites  with  1-3  and  1-3-0  con¬ 
nectivity  has  been  reported  earlier^*-.  PZT  rods  were  aligned  par¬ 
allel  to  each  ocher  using  a  brass  rack,  and  suspended  over  film 
canister  lids.  The  lids  were  filled  with  spurrs  epoxy  ar.c  cured. 
The  epoxy  served  as  a  base  to  hold  the  PZT  rods  in  place,  so  that 
the  brass  racks  could  be  removed.  For  the  transverse  reinforcement 
E-glass  fibers  were  aligned  and  supported  by  an  epoxy  base  as  des¬ 
cribed  above.  Two  glass  fiber  arrays  were  interposed  in  the  xi  and 
Xi  directions  through  the  PZT  array.  The  arrangements  provided  the 
basic  structure  of  a  transversely  reinforced  1-3  or  a  1-2-3  compo¬ 
site.  The  PZT-glass  fiber  structures  were  placed  in  a  container 
and  vacuum  impregnated  in  either  spurrs  epoxy,  Severn  polyurethane , 
or  a  foamed  Severn  polyurechane  matrix.  After  curing  the  polymer, 
samples  were  cut  to  a  thickness  of  i.  5  mm  along  the  X3  cirectior.. 

To  prevent  the  penecracion  of  oil,  the  foamed  polyurethane  compo¬ 
sites  were  provided  with  a  thin  layer  of  spurrs  epoxy  in  the  :<-m 
and  xo  directions.  Electrodes  in  the  X3  direction  were  provided  by 
silver  epoxy. 

The  samples  were  poled  in  a  ~0aC  oil  oath  with  a  field  of  32 
kV/cm  applied  for  five  minutes.  After  2i  hours,  the  capacitance 
and  dissipation  factor  were  measured  at  1  kHz  under  atmospheric 
pressure,  and  also  under  hydrostatic  pressure  for  use  in  calcu¬ 
lations  at  higher  pressures.  The  hydrostatic  piezoelectric  coeffi¬ 
cient,  c“,  was  measurea  in  a  sealed  oil-filled  chamber  by  applying 
pressure  at  the  rate  of  0.3  M?a.< sec  mO  psi,  sec).  The  charge 
released  by  the  sample  was  measured  with  an  electrometer  ar.c  plot¬ 
ted  as  a  function  of  pressure  on  an  x-y  recorder.  The  composites 
were  pressure-cycled  at  least  five  times  wich  the  calculated  de¬ 
values  taken  from  the  fifth  cycle. 

RESULTS  A2TD  0I3CU53I0U 

Modeling  of  1-2-3  ar.c  1-2-3— 3  composites  shewea  tr.at  me  acci- 
tion  of  glass  fibers  as  transverse  reinforcement  0:  norma.  1-2  ar.c 
1-3-0  composites  should  improve  the  i'«g*n  figure  of  merit  signifi¬ 
cantly.  Composites  of  these  types  have  beer,  fabricated  vim  five 
percent  PZT  roas  anc  various  volume  fractions  of  g_ass  fibers  er.c 
polymer  macrioes.  Figure  2  shews  the  experimental  resume  0:  me 
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d^g-n  figure  of  aerie  for  neasuramer.es  made  ac  0.6  MPa  (100  psi)  of 
apoxy,  poivurechane,  and  ancapsuiacad  ran  percar.c  foamed  polyure¬ 
thane  matrix  composites  as  a  function  of  the  glass  fiber  percentage. 
Theoretical  predictions  are  also  shown  on  Figures  2(a)  and  2(c). 

Figure  2(a)  shows  that  for  epoxy  composites,  over  a  range  of 
glass  fiber  percentages,  the  figure  of  merit  increased  from  2000  to 
nearly  3500,  and  then  with  greater  percentages  decreased  to  less 
than  1000.  The  differences  in  theoretical  predictions  and  experi¬ 
mental  results  are  probably  due  to  the  difficulties  involved  in 
fabricating  these  composites  and  the  theoretical  assumptions  of 
equal  strain  across  parallel  connections  and  perfect  bonding. 

Figure  2(b)  shows  that  for  polyurethane  composites  almost  an 
order  of  magnitude  enhancement  occurs  from  the  addition  of  glass 
fibers.  Most  of  this  increase  is  probably  due  to  the  glass  fibers 
reducing  the  internal  stresses  through  the  combined  effects  of  the 
reduction  of  the  polymer  Poisson’s  racio  and  the  anisotropic 
stiffening  of  the  polymer.  A  large  difference  exists  between  the 


gure  2.  The  c-„gh  figure  of 

merit  plottec  versus  the 
percentage  of  glass 
fibers  for  f  tv  a  percent 
PZT  rod  compos  tees  with 
different  polymer 
matrices . 
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theoretical  and  experimental  results  with  the  addition  of  glass 
fibers.  Theoretically  the  dhSh  V0ULd  increase  from  around  1CCQ  at 
2ero  percent  PIT  :o  greater  than  100,100  with  only  a  snail  addition 
of  glass  fibers.  Again  this  difference  is  due  to  the  axper imencal 
processing  difficulties  and  the  theoretical  assumptions.  Polyure- 
than  is  very  compliant,  causing  PZT  rods  to  break  and  the  bone in 
to  be  weak.  For  these  reasons,  the  differences  are  larger  than 
the  seif far  epoxy  composites. 

Figure  2(c)  show  that  for  encapsulated  ten  percent  foamed  poly¬ 
urethane  composites  a  very  significant  increase  in  the  figure  of 
merit  occurs  with  the  addition  of  g_ass  fibers.  The  theoretical 
prediction  is  very/  good  when  no  glass  fibers  are  present,  but  an 
over-estimation  develops  when  the  glass  fibers  are  accec.  Curing 
the  fabrication  of  the  polyurethane  matrix  composites,  the  glass 
fibers  contributed  to  a  larger  braaxage  of  PIT  rods  than  when  the 
glass  fibers  were  not  included.  This  along  with  the  previously 
described  reasons  probably  account  for  the  differences  in  theore¬ 
tical  predictions  anc  experimental  results.  The  differences  are 
much  less  far  these  composites  compared  to  the  unfoamed  polyure¬ 
thane  composites  probably  due  to  the  eooxy  encapsulation  used, 
which  may  have  caused  an  additional  transverse  reinforcement. 

CONCLUSIONS 

1)  Modeling  of  1-2-3  ar.d  1—2—  3—0  composites  has  helped  in  the 
understanding  and  design  of  improved  hydrophone  devices. 

2)  The  d^gh  figure  or  merit  was  shown  theoretically  to  be  a 
function  of  the  volume  fractions  of  ?Z7  rods,  glass  fibers  ar.d 
polymer  porosity,  anc  of  the  Poisson's  ratio  and  compliance  of  the 
polymer . 

3)  The  assumption  of  constant  strain  across  parallel  connec¬ 
tions  and  perfect  bonding  between  the  constituent  pnasa  a.or.g  with 
the  processing  diff icu-tias  have  caused  the  theoretical  predictions 
to  be  greater  chan  the  experimental  results,  although  similar  crer.cs 
were  shown. 

•*)  Transverse  reir.f orcemenc  of  epoxy  composites  only  siigr.riy 
improved  the  ough  figure  of  merit- 

5)  Transverse  reinforcement  of  polyurethane  ana  encapsulated 
foamed  polyurethane  composites  signii icanclv  improve  the  TTJJf 
figure  of  meric. 

o)  Encapsulation  of  foamed  polyurethane  composites  racucas 
degradation  and  probably  acds  transverse  reinforcement. 
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Com  postal  of  PZT  and  polymer  with  3-1  and  3-2  connectivity  pattern!  have  Been  fabricated  by  drilling  hotel  in  sin¬ 
tered  PZT  b k>ou  and  filling  the  holes  nth  epoxy.  The  iniluenc*  of  hole  size  and_ volume  fraction  PZT  on  me  hydro- 
suite  properties  of  the  compost*  was  evaluated.  By  decoupling  the  piezoelectric  5„  and  d„  coefficient*  m  the  compo¬ 
site.  the  hydrostatic  coefficients  are  greatly  enhanced.  On  samples  optimized  for  hydrophone  pendirnancs.  me 
diefeetnc  coasunu  of  3-1  and  1-2  com  postal  are  600  and  300  respectively.  The  piezoelectric  coeiliaenu  d>.  ji.  and 
bit  for  3-1  composites  are  230  (pGT).  34(sl0"‘  VmW').  and  7MO(10r'’  respectively,  and  the  corresponding 

values  foe  1-2  compostcs  am  172  (pOT’l.  123  (10“  VmN").  and  43000  (10‘”  as'N*'). 


I.  INTRODUCTION 

In  recent  yean  several  types  of  PZT-polymer 
composites  have  been  fabricated  to  improve  the 
piezoelectric  properties  of  poled  PZT  (lead  zirco- 
nate  titanate)  ceramics.  Different  types  of  macro- 
symmetry  and  interphase  connectivity  were  uti¬ 
lized  in  the  design  of  the  PZT-polymer  composites 
listed  in  Table  I.1"*  Here  connectivity  1-3  means 
that  the  PZT  phase  is  self-connected  in  one  direc¬ 
tion.  and  the  polymer  phase  is  seif-connected  in 
ail  three  directions.  In  ail  composites,  the  dielec¬ 
tric  constant  Ka  of  solid  PZT  is  lowered  by  the 
introduction  of  a  polymer  phase,  and  in  all  cases 
the  hydrostatic  piezoelectric  charge  coefficient  d * 
is  also  enhanced.  The  hydrostatic  piezoelectric 
voltage  coefficient  g*  and  the  dkg*  product  used  as 
a  figure  of  merit  for  hydrophone  application  are 
therefore  considerably  enhanced  in  ail  the  compo¬ 
site  designs. 

{dicker  et  al have  fabricated  1-3  composites  of 
PZT  rods  embedded  in  an  epoxy  matrix.  As 
shown  in  Table  I.  these  composites  have  better 
piezoelectric  properties  than  solid  PZI".  The  hy¬ 
drostatic  coefficients  5*  and  j*  are  a  function  of 
the  dimension  of  PZT  rods,  the  spacing  between 
the  PZT  rods,  and  the  thickness  of  the  composite. 
Based  on  the  previous  work  with  PZT-polymer 
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composites  and  on  simple  senes  and  parallel 
models.1  it  is  clear  that  the  difference  in  the  elastic 
compliances  of  the  PZT  and  epoxy  has  a  favor¬ 
able  influence  on  piezoelectric  propenies  by  alter¬ 
ing  the  stress  pattern  inside  the  composites. 

Rittenmycr  et  al.'  have  fabneated  3-3  compo¬ 
sites  of  PZT  and  polymer  (polymethvl  methacry¬ 
late)  with  PZT  powder  in  an  organic  binder  and 
firing  the  mixture  to  give  a  ceramic  skeleton. 
After  cooling,  the  ceramic  skeletons  were  back¬ 
filled  with  polymer  (Burps  composites).  As  shown 
in  Table  I,  these  composites  have  better  piezoelec¬ 
tric  and  mechanical  propenies  compared  to  1-3 
composites  of  PZT  rods  with  epoxy.  In  addition, 
the  Burps  composites  are  much  easier  to  prepare. 

The  present  study  focuses  on  composites  with 
3-t  and  3-2  connectivity  patterns,  in  which  the 
PZT  phase  is  seif-connected  in  three  dimensions 
and  the  polymer  phase  is  self-connected  in  either 
one  or  two  dimensions.  Samples  were  prepared  by 
dnlling  holes  in  sintered  PZT  blocks  either  in  one 
direction  (3-1  connectivity)  or  in  two  directions 
(3-2  connectivity)  and  backfilling  the  perforated 
PZT  blocks  with  a  suitable  polymer.  Ennance- 
ment  of  d*  was  anticipated  m  these  composites  oe- 
cause  of  the  modified  stress  distribution  witnin 
the  composite. 

1  SAMPLE  PREPARATION 

PZT-polymer  composites  were  prepared  by  Prill¬ 
ing  holes  m  sintered  PZT  blocks  and  .Tiling  :ne 
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TABL£  I 


Plcxoeiecnc  Properties  at  PZT-Potymer  Composites 


Kn 

i<POO 

fc<10‘‘  VmN"') 

i?*(t0‘"  m’jO 

Reference 

nr 

1600 

30 

4 

a» 

Present  wort 

PTT  parades  in  silicone  rudder 
mnu  (03  connectivity) 

100 

2U 

32 

900 

4 

PZT  mptmBMm  in  a  silicone  niMer 
mainx  (>3  connectivity) 

30 

33.1 

10 

POO 

2 

PZT  roda  m  an  epory  masnx  - 
( 1-3  caamenwy) 

:oo 

n.  a 

*0.4 

3131 

5 

PZT  rods  m  a  potyuresftana  masnx 
(t-3  connectmcv) 

u 

IT4.2 

239 

42100 

< 

3u  roe  composite  (epoxy  emnn 
(3-3  comtemimiv) 

300 

120 

r r 

3200 

3 

Burps  comoosne  (silicone  rudder 
mainx  03  connectivity) 

300 

Z60 

100 

28000 

3 

perforated  block  with  a  polymer.  To  prepare  the 
ceramic.  95  wt%  of  PZT  50lAf  was  mixed  with  5 
wt%  of  15%  PVA  solution.  After  mixing  and  dry¬ 
ing  the  powder,  square  peilets  measuring  2  cm  on 
edge  and  itoS  mm  thick,  were  pressed  at  20.000 
psi  (140  MPa).  The  peilets  were  placed  on  a  plati¬ 
num  sheet  and  the  binder  was  burned  out  at  550*C 
for  one  hour.  Sintering  was  earned  out  in  a  sealed 
alumina  cruabie  using  a  silicon  carbide  resistance 
furnace  at  a  heating  rate  of  200*C  per  hour,  with 
a  soak  period  of  one  hour  at  123S*C  A  PbO-nch 
atmosphere  was  maintained  with  sacrificial  ce¬ 
ramic  pellets  of  composition  97  moie%  PZT  and  3 
mo(e%  PbO  inside  the  cncib<c.’  After  firing,  the 
samples  were  polished  and  cut  into  smaller  pieces 
of  various  dimensions.  Air-dried  silver  paste  elec¬ 
trodes  {  were  applied  to  the  pellets.  Poiing  was 
done  in  a  stirred  oil  bath  at  laQ^C  at  a  field  of  25 
KV/cm  for  three  minutes.  After  poiing.  three  or 
four  holes  wer-  drilled  perpendicular  to  the  poiing 
direction  using  an  ultrasonic  cutter.  §  Samples 
were  prepared  with  different  hole  sizes  and  hoie 
separation  X  (Figure  3a).  The  drilled  samples  were 
then  placed  in  a  small  plastic  tube  and  a  commer¬ 
cial  polymer  (vinylcyciohexene  dioxide-epoxv i|) 
was  poured  into  the  tube.  The  epoxy  was  cured 
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at  ?0*C  for  eight  hours.  Finally,  the  composites 
were  polished  on  silicon  carbide  paper  to  expose 
the  PZT  and  to  ensure  that  the  faces  of  the  disk 
were  smooth  and  parallel.  Electrodes  of  air-dned 
silver  paste  were  applied  and  the  composites  were 
aged  for  at  least  24  hours  pnor  to  any  measure¬ 
ment.  Some  of  the  3-1  and  3-2  composites  are 
shown  in  Figure  1. 


3.  MEASUREMENTS 

The  dielectric  constants  and  loss  factors  of  ail  the 
samples  were  measured  at  a  frequency  of  1  i<Hz 
using  an  automated  capacitance  bridge.  5  The  pie¬ 
zoelectric  coefficient  d»  along  the  poling  direction 
was  measured  usinij  a  meter.  ++  The  hydro¬ 
static  piezoelectric  d*  was  measured  by  a  pseudo¬ 
static  method.’  Samples  were  immersed  in  an  oil- 
fiiled  cylinder,  and  pressure  *as  applied  at  a  rate 
of  3.3  MPa/sec.  The  resulting  charge  was  col¬ 
lected  with  a  Keithiev  electrometer tZ  operated  n 
a  feedback  charge  integration  mode.  The  piezo¬ 
electric  vohage  coefficients  Ju  =  d^/toX »  and 
Jm  —  dk/toXn  _were  calculated  from  the  measures 
values  of  in.  d*  and  Xu. 


X  Hewlett  Psexard  Model  »J*0Ai  Automated  C-ioacttsne: 
3ndgt.  Hawieit  Psexard.  -39-i  Yovoyi.  7oe>o  Jaoan  Ji 
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tZ  Keitme-f  Mode:  416'  Cifitai  Electrometer.  <ennie'  r.- 
urumtms.  Inc..  Cleveland.  OH. 
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FIGURE  1. 


4.  RESULTS  AND  DISCUSSION 

Unless  otherwise  stated,  the  results  refer  to  com* 
posites  with  3*1  connectivity.  The  dielectric  con¬ 
stants  for  3-1  composites  are  plotted  in  Figures  2 
and  3  as  a  function  of  X  (the  center-to-center  dis¬ 
tance  for  adjacent  holes)  for  two  different  hole 
sizes.  The  dielectric  constant  increases  linearly 
with  X  at  lower  values  of  X,  but  reaches  a  satura¬ 
tion  value  for  higher  values.  Composites  with 
smaller  thicknesses  have  lower  dielectric  con¬ 
stants.  Also,  it  is  observed  that  for  the  same  D/t 
(diameter  to  thickness  ratio l.  composites  with 
smaller  diameter  holes  have  higher  dielectric  con¬ 
stants  than  composites  with  larger  holes  (see  Fu¬ 
ll  res  2  and  3).  Dielectric  constants  of  3-2  compo¬ 
sites  were  much  lower  than  the  3-1  composites  for 
samples  with  identical  hoie  sizes  (Table  II).  Calcu¬ 
lated  values  of  dielectric  constants  are  aiso  plotted 
in  Figures  2  and_3  for  comparison. 

The  values  of  were  used  as  a  measure  of  the 
degree  of  poling.  Measured  values  of  du  tor  3-1 
composites  are  plotted  as  a  function  of  X  in  Fig¬ 
ure  4.  It  is  observed  that  du  increases  linearly  with 
X  at  lower  values  of  X.  but  approaches  a  satura¬ 
tion  value  at  higher  values  of  X.  Each  of  the  data 
points  represents  the  average  of  at  least  twelve 


value  measurements  at  different  places  on  the 
electrodcd  surface  of  the  composites.  The  meas¬ 
ured  values  of  du  in  the  regions  over  the  holes 
were  about  10%  lower  than  the  d}J  values  in  solid 
regions  (Fgure  3a).  It  is  significant  that  the  dn  val¬ 
ues  for  most  of  the  composites  exceed  300  pC/N. 
which  is  close  to  the  d »  coefficients  of  solid  PZT 
(400  pC/N).  It  is  found  that  in  all  composites  dn 
decreases  slightly  with  thickness.  Also,  composites 
with  smaller  hole  sizes  had  larger  du  coefficients 
than  composites  with  largerjiole  sizes.  In  all  3-2 
composites  the  measured  dn  values  were  aiso 
higher  than  300  pC/N  (Table  I). 

In  Figure  3  the  hydrostatic  piezoelectric  coeffi¬ 
cient  (d*)  of  3-1  composites  is  plotted  as  a  func¬ 
tion  of  X  for  different  thicknesses.  A  broad  max¬ 
imum  is  observed  for  X  values  between  4  and 
4.5  mm  for  composites  containing  60%  to  '0% 
PZT  by  volume.  Figure  6  shows  d*  plotted  as  a 
function  of  thickness  for  composites  with  different 
X.  Again  it  is  found  that  d*  increases  with  thick¬ 
ness.  up  to  certain  thickness,  and  then  decreases. 
Figure  7  shows  the  effect  of  poling  on  the  values 
of  d*.  when  poling  is  carried  out  at  several  differ¬ 
ent  stages  in  the  process: 

I.  Poling  PZT  block  before  drilling  the  holes. 
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TABLE  tl 


Hole  Site 
(mm) 

Coin  pome 
Thic  kites* 
(mail 

X 

(mail 

in 

(POO 

fit 

(t0*‘  VatN  ) 

A 

IPCN*') 

b 

(!0'‘  VmW) 

if* 

tio"’  m'n") 

Perforated  PZT/epoxy 
(3-1  coo— aivtty) 

3.2 

13 

4.23 

310 

340 

47 

210 

29 

4000 

Perforated  PZT/epoxy 
OI  connectivity  I 

3.2 

6 

4.23 

740 

330 

52 

230 

34 

*300 

Perforated  PZT/epoxy 
OI  con— etivityi 

3.2 

3.3 

4.23 

740 

330 

50 

200 

30 

6000 

Perforated  PZT/epoxy 

OI  connectivity  I 

3.2 

4.3 

4.23 

440 

320 

53 

190 

31 

5900 

Perforated  PZT/epoxy 
OI  connectivity) 

4.2 

4.3 

4.73 

470 

290 

70 

190 

44 

4400 

Perforated  PZT/epoxy 
OI  cotUMcnviiyi 

4.2 

U 

4.73 

430 

290 

73 

222 

56 

12300 

Perforated  PZT/epoxy 
(3-1  connectivity) 

4.2 

4 

4.73 

423 

230 

74 

170 

45 

7400 

Perforated  PZT/epoxy 

(3-1  connectivity! 

4.2 

3.3 

■  4.73 

410 

273 

76 

120 

33 

3950 

Perforated  PZT/epoxy 
02  connectivity) 

3.2 

4.7 

4J 

340 

290 

90 

23* 

74 

17400 

Perforated  PZT/epoxy 
(3-2  connectivity ) 

3.2 

4J 

4.3 

330 

290 

99 

294 

100 

29000 

Perforated  PZT/epoxy 
(3-2  connectivity! 

3.2 

4 

4.3 

320 

300 

IQS 

322 

113 

36300 

Perforated  PZT/epoxy 
(3-2  connectivity  i 

3.2 

5.1 

4.3 

290 

290 

114 

329 

128 

42000 

Perforated  hollow  PZT 
sealed  with  polymer 
02  connectivity) 

3.2 

4_2 

4.3 

340 

340 

112 

372 

123 

45700 

2.  Poling  the  perforated  PZT  before  filling  it 
with  epoxy. 

3.  Poling  after  embedding  the  perforated  PZT 
block  with  epoxy. 

From  these  experiments  it  was  concluded  (hat  to 
get  higher  values  of  eU  it  is  necessary  to  prepole 
the  PZT  blocks  before  drilling. 

It  should  be  emphasized  that  for  all  composites, 
the  d*  coefficients  are  at  least  twice  that  of  solid 
PZT  (30  pC/Ni.  Hydrostatic  coefficients  for  the 
3*2  composites  are  much  larger  than  those  of  3-1 
composites.  An  even  higher  value  of  dt,  was  ob¬ 
served  when  measurements  were  made  on  perfo¬ 
rated  blocks  of  PZT  in  which  the  open  sides  were 
enclosed  with  a  thin  polymer  sheet,  thereby  'Keep¬ 
ing  the  inside  region  completely  empty.  When 
measured  in  this  way  a  d *  value  of  nine  times 
greater  than  that  of  solid  PZT  was  observed 
(Table  II).  _ 

Some  typical  values  of  d1t,  and  d4are  given 
m  Table  II.  It  is  important  to  note  that  depends 
markedly  on  the  thickness  of  the  PZT  region 
above  and  below  the  holes  (see  Figure  3a  1.  There 


is  a  critical  thickness  for  which  d„  becomes  a  max¬ 
imum  (Table  II). 

Piezoelectric  voltage  coefficients  gu  and  J*  are 
also  substantially  larger  than  those  of  solid  PZT. 
As  shown  in  Table  II.  the  piezoelectric  voltage 
coefficients  gn  and  the  hydrostatic  voltage  coeffi¬ 
cients  y*  are  very  large  for  3-2  composites.  The 
dt,gn  product  used  as  a  figure  of  merit  for  hydro¬ 
static  applications  is  more  than  200  times  the  cor¬ 
responding  value  for  solid  PZT. 


5.  THEORETICAL  MODEL 


The  physical  properties  of  3-1  composites  can  be 
approximated  with  the  modei  illustrated  n  Fig¬ 
ure  3.  For  simplicity,  consider  a  -.ouare  oi  lengtn  / 
whose  area  is  eoual  to  that  of  a  circle  with  radius 
r.  Then  /  =  r\fr. 

We  can  visualize  the  3-1  composite  as  made  up 
of  two  parts  A  and  B  connected  m  parallel  as 
shown  in  Figure  3b.  Part  3  is  composed  ot  tuo 
phases  connected  in  series.  PZT  and  polymer.  The 
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following  quantities  can  be  defined  with  respect  to 
the  dimensions  of  the  composites. 

Ay  (volume  fraction  of  PZT  of  pan  A)  »  [Li  — 

e/VLi 

*y  (volume  fraction  of  pan  3)  =  iU/Lt 

'*y  (volume  fraction  of  PZT  in  pan  3)  =  (Li  - 
H/L, 

'%y  (volume  fraction  of  polymer  in  part  3)  = 

where  Li  and  L\  are  length  and  thicicness  of  com¬ 
posite  and  n  is  the  number  of  holes. 

J.  I  DitUanc  Constant 

The  component  of  tne  dielectric  constant  of  inter¬ 
est  is  Kn.  since  the  electrode  surfaces  are  perpendicu¬ 
lar  to  .the  poling  direction.  In  the  notation  used 
here,  Kn  is  the  dielectric  constant  of  the  compo¬ 
site.  AKn  i he  dieiectnc  constant  of  PZT,  that 


of  the  polymer,  and  ‘Kn  is  the  dieiectnc  constant 
of  pan  3.  Since  part  A  and  pan  3  are  in  parallel 
connection. 

Kti  *AyAKn  +  ‘V*Kn 

Because  PZT  and  polymer  in  part  3  are  in  senes 
connection  we  can  apply  series  model: 

'“Kn  *  “V/AKn  +■  “V/lMKn 

Using  these  relations  we  can  calculate  Kn  of  com¬ 
posites.  Sines  '\Tn  =  1600  and  “Kn  —  5.  most  of 
the  contnbution  to  Kn  comes  from  part  A.  which 
is  PZT.  Calculated  values  are  plotted  in  Figures  2 
and  3.  In  general,  the  measured  dielectric  con¬ 
stants  are  somewhat  higher  than  the  predicted 
values.  This  may  be  due  :o  the  approximations 
involved  in  the  above  calculations  Tne  contribu¬ 
tion  to  the  dieiectnc  constant  from  part  3  may  be 
much  hiafter  than  that  assumea  aoove  oecause  of 
the  bending  of  the  flu.x  lines  arouna  the  hoies  con¬ 
taining  the  polymer. 
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3.2  Piezoelectric  Coefficients 

The  longitudinal  coefficient  du  relates  the  polari¬ 
zation  component  P\  to  stress  component  oi  by 
the  following  relation:  Pj  =  du«i-  As  stated  ear¬ 
lier.  the  dti  values  of  3-1  composites  are  slightly 
smaller  than  that  of  solid  PZT.  In  a  composite 
most  of  the  stresses  are  bome  by  the  ceramic,  and 
if  the  stress  transfer  to  the  venicai_cotumns  (sec¬ 
tion  A.  Figure  3b)  is  complete,  the  du  of  the  com¬ 
posite  should  be  equal  to  the  vaiue  of  du  for  PZT. 
But  because  of  the  curved  shapes  around  the  per¬ 
forations,  the  stress  distribution  in  the  composite 
is  not  as  simple  as  the  model  predicts.  Horizontal 
components  of  stress  are  produced  which  lower 
the  dii  coefficient. 

The  hydrostatic  coefficient  of  the  composite  is 
given  by  the  relation  d*  »  du  ■+■  2dn.  In  a  solid 
PZT  ceramic,  the  value  of  d^  is  low  due  to  the  fact 
that  du  »  —2d) i.  In  the  3-1  composites  the  arc¬ 
like  geometry  of  the  composite  results  in  mechan¬ 
ically  stiffened  electrodes  which  transfer  the  hori¬ 
zontal  stress  pattern,  significantly  lowering  du. 
and  enhancing  d*.  The  fag  that  in  some  of  the  3-t 
and  3-2  composites  d*  =»  du  clearly  indicates  that 
du  is  almost  zero  in  some  cases. 


SUMMARY 

A  simple  technique  for  fabricating  PZT  polymer 
composites  with  3-1  and  3-2  connectivity  patterns 
has  been  proposed.  These  composites  exhibit  bet¬ 
ter  piezoelectric  properties  than  the  previously 


studied  PZT  polymer  composites  with  different 
types  of  jonnectivitv  patterns.  For  3-2  composites 
the  Kn,  dy.  f*.  and  d»|>  values  are  300.  370  X  10*'J 
C/N.  123  X  10‘*  Vm/N  and  45.000  X  I0‘,s  m:/N 
respectively. 
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Pieauelccinc  .umDumn  ol  f  L '  ami  polymers  were  prepared  pv  mixing  unv  ptaxxic  10 flero  run  PZT  powder  n  an 
•ryanw  under  and  linny  ine  mixture  !o  five  a  ceramic  xkctetnn.  Alter  enunny.  :n*  seclenm  wav  Pack-iillctl  aim  pmv- 
mcr  and  poicd.  Dielectric  and  ptcrouievtnc  properties  were  measures!  .mi  wmniea  ranging  irnm  30  i<>  '0  mkiiitw  - 
PZT.  and  aMipansd  «nn  a  rccianyuiar  >eelcion  model  tor  j- J  rumpoenea.  C.impmutcs  .unuunng  !tXX.  PZT-! Vt*- 
ddciioe  mOOer  appear  especially  useitii  I  or  Pydrupnone  appocaiMim  with  Jk  fa  produai  a  Hundred  times  .aryrr  man 

prr. 


INTRODUCTION 

In  a  3*3  composite.1  each  of  the  constituent 
phases  is  continuously  seif-conneaed  in  three  di¬ 
mensions  to  give  two  interlocking  skeletons  in  in¬ 
timate  contact  with  one  another.  This  type  ot' 
uructure  is  exhibited  by  certain  poiymer  foams, 
by  some  phase-separated  metals  and  glasses,  by 
three-dimensional  weaves.  and"  by  natural  jub¬ 
ilances  such  as  wood  and  coral.  The  piezoelectric 
and  pyroelectric  properties  ot’  3-3  composites  have 
been  investigated  recently  with  some  rather  re¬ 
markable  results.  ^  For  certain  coefficients,  dra¬ 
matic  improvements  can  be  made  over  the  best 
itngie-phase  piezoelectrics. 

Piezoelectric  ceramic-polymer  composites  with 
3-3  connectivity  were  first  made  by  Skinner5  using 
*  lost-wax  method  with  coral  as  a  starting 
material.  Among  the  advantage  of  thee  compos- 
to  are  high  hydrostatic  sensitivity,  low  dielectric 
constant,  low  density  for  improved  acoustic  m- 
pedance  matching  with  water,  high  compliance  to 
nruvtde  damping,  and  the  mecnamcai  flexibility 
needed  to  develop  conformable  transducers 
iliruut'  has  described  u  urn  pier  method  tor  faort- 
cating  a  tliree-dimensionatly  interconnected  ead 
-irconate-titanaie  iPZTi  and  poiymer  comoostte 
Htn  properties  similar  to  the  coral-oased  cornoos- 
ics  The  simplified  preparation  method  nvotves 
mixing  plastic  xpneres  and  PZT  powder  in  an  or¬ 
ganic  binder  'A/hen  carefully  sintered,  a  porous 
■‘ZT  skeleton  u  ;ormed.  and  later  aack-fiiled  wun 
.loomer  to  form  a  3-3  comoosue.  This  teenmaue 


is  commonly  referred  to  as  the  3URPS  process, 
an  acronym  for  burned-out  plastic  spheres.  Since 
the  process  involves  the  generation  and  emission 
of  gaseous  hydrocarbons,  the  name  BURPS  is 
hignly  appropriate.  The  composites  prepared  by 
Shrout5  contained  a  PZT/poiymer  volume  ratio 
of  30/70.  In  this  study,  we  report  the  electrome¬ 
chanical  properties  of  3-3  composites  having  a 
wide  range  ot  PZT/ polymer  ratios,  and  compare 
the  results  with  other  piezoelectric  materials,  in¬ 
cluding  some  recent  Japanese  work0  on  similar 
composites.  A  three-dimensional  skeleton  modes 
is  proposed  to  explain  the  results. 


EXPERIMENTAL  procedure 

Sample  preparation 

The  3-3  composites  were  made  from  commerciailv 
available  PZT  powder-  mixed  ;n  a  sail  mill  wun 
tiny  spheres  of  poiymethyi  metnacryiate I  .  PMM1 
m  PZT/ PM M  volume  ratios  ot  J0/“0.  uO/SO. 
50/50.  30/ -10.  anil  "0/*0.  The  ?MM  spneres 
ranged  trom  50  to  150  microns  in  .iiumeier,  anu 
:ne  PZT  particles  were  about  I— a  microns  n  di¬ 
ameter.  Four  to  eight  weignt  percent  .h  poivunxi 
alcohol  was  added  ;o  :ne  mixture  as  a  ;onumg 
agent,  and  one  :ncn  diameter  pellets  xere  orcsseci 
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FIGURE  I  Soceiiic  iiavtiy  of  J-J  compuiuiea  pio< leu  u  a  Junction  m  volume  'rectum  ?ZT  n  :tte  vianm*  Tut 
Compuxtm  filled  Witt)  epoxy  ire  denoted  tty  solid  circles.  hu»e  »*tn  mmcuo*  ruooer  !jv  ifien  circles  Hie  casnetl  me 
in*  ideal  density  computed  mm  in*  initial  volume  percent  RZT. 


ai  10.000  psi.  Tlie  pellets  were  heated  over  a  43- 
hour  period  10  450“C  in  order  to  volatilize  the 
PMM  spheres:  a  slow  heating  rate  is  necessary  to 
prevent  excessive  cracking.  Tlie  samples  were  then 
placed  on  a  platinum  slicet  in  high  purity  alumi¬ 
num  crucibles  and  sintered  m  a  silicon  carbide  re¬ 
sistance  furnace  at  a  heating  rate  of  200"C  per 
hour,  with  a  soak  period  of  30  minutes  at  1 340°C. 
.4  lead-rich  atmosphere  was  maintained  during 
sintering  by  placing  powdered  lead  ztreonate  near 
the  PZT  samples.  After  Firing,  the  samples  were 
impregnated  with  cither  a  stiff  vtnylcyciohexene 
dioxide  tpoxy+  or  a  high-pumy  soft  siiicone  elas¬ 
tomer.  2  Finally,  the  samples  were  polished  on  sil¬ 
icon  carbide  paper  to  ensure  that  the  faces  of  the 
disk  were  parallel  and  smooth.  Electrodes  ot  air- 
dry  'liver  were  applied  and  the  samples  poied  For 
two  minutes  in  a  stirred  oil  bath  at  ?0°C  with 
lields  of  2&-2U  !<v/cm.  Tlie  composites  were  aged 
lor  at  least  twentv.four  hours  before  measure¬ 
ments  were  taken. 

Citaracttrnanort 

The  density  of  tlie  composites  was  computed  from 
the  mass  and  the  measured  volume  of  each  disk. 
Tins  procedure  was  periormed  prior  to  cicctrod- 
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mg  to  avoid  including  the  silver  in  the  mcasinc- 
ment.  In  Figure  I.  the  measured  densities  arc  pi<*i. 
ted  as  a  function  of  the  nominal  volume  percent 
PZT.  The  relationship  is  essentially  linear  tor  Sum 
types  of  composites.  As  expected,  the  epoxy  cou¬ 
ples  are  slightly  denser  than  tlie  silicone  ruooe: 
samples  because  epoxy  wets  the  suriace  ot  ?Z” 
extremely  well  and  densities  the  samples.  liicum- 
picte  back-filling  in  high  volume  percent  PZ7 
samples  causes  a  nonceaole  scatter  :n  the  value* 
These  density  variations  jll'ect  all  suoseaueni 
measurements. 

Figures  2a  and  2b  snow  micrugraons  at  two  <jn- 
lerent  magniricauons  of  a  polished  suriac?  ii  . 
composite  made  from  50/30  volume  ratio.  Tim 
samples  .ire  poled  in  the  vertical  direction,  as  n- 
dicatcd  ot  Figure  2a.  At  lower  magnificat!"" 
(Figure  2b.  53X»  the  material  appears  •easouun" 
homogeneous.  Figure  2c  shows  a  50/*0  PZ7 
polymer  composite  in  which  tlie  PZT  s  .mi, 
slightlv  interconnected.  \  certain  amount  >i  n- 
tereunncctedncss  is.  of  course  necessary  tor  stuc ■ 
trie  P”ting.  but  to  minimize  tlie  densitv  anu  au- 
lectric  permittivity,  -lie  PZT  content  should  "e  > 
uw  as  possible. 

In  ail  the  sections  trammed  tie  PZT  nv 
range  from  a  tew  microns  ,o  actiui  iOO  am 
same  is  true  it  the  puts  mcr  regions  The  •me:  • 
-true; ure  -nows  . isinie  rrr.cxs  u  tic  PZT  cetuii. 
perpendicular  to  the  pnnmt  directum  Tus  was  an 
itmortant  etieci  m  the  aie!ee:r*c  rterimttn  tv  • 
the  sample,  as  jiscus-eu  dutr  Since  nicros.r  ic 


:  tore? 

illCU  y* 
»t  »n  /•  uii 


Tib 


?TEZO EL£CTR I C  J-J  COMPOSITES 


[J25V19I 


lOt- 

sni 

oin 

im- 


o  er 


>m- 

ZT 

i<S. 

ent 


dif- 

(  i 
Hie 
m- 
ion 
oly 
77/ 
niy 
n- 
!ec- 
lie • 

:  as 

ons 

Hie 

ro¬ 

om 

an 

of 

\|C- 


FtGURE  2  SEM  mcro^noni  ot  >-)  ;o<noo*iia  i  in)  51 
lilcd  '•'ill  '0%  3o«vm«T  in)  ej  «mn  3oivm«T.  No«e  :n« 

Sonzonui  iVaciun  in«  n  ill  niroCucrt  sunny  poitny. 

ture  of  these  samples  is  on  a  liner  scale  man  manv 
other  composites.  more  homogeneous  electrome¬ 
chanical  properties  can  he  expeces.  vntcn  s  ad¬ 
vantageous  for  higfl  frequency  applications. 

'rieasurtments 

Toe  dielectric  oermittivuv  and  oss  *ere  measured 
at  a  frecuencv  of  :  <Hz  using  an  automatea  :a- 


pactance  bridge:  The  dietecrnc  constant  is  plotted 
in  Figure  j  as  a  function  of  volume  percent  ?ZT 
for  the  epoxy  and  silicone  elastomer  composites. 
The  relationships  for  ooth  types  of  composites  are 
essentially  linear  in  the  -ange  of  comoositions 
20-70%  FZT  examined.  However,  the  relationship 
must  curve  rather  steeoiy  above  ~0%  to  aporoacn 
the  value  for  pure  PZ7.  roughly  !S00. 

The  average  picoeiectnc  constant  for  the  com¬ 
posite  materials  (in)  was  measured  with  a  3ertin- 
court  in  meter.  This  measurement  also  provides  a 
check  on  the  completeness  of  poling.  The  meas¬ 
ured  piezoelectric  coefficients  are  plotted  as  a 
function  of  volume  percent  ?ZT  in  Figure  A 
Again,  the  relationship  s  essentially  linear  for 
both  the  spoxy-iiiled  samoies  and  the  jiiicone 
composites.  Larger  coeffiaents  are  obtained  from 
the  siiicone  specimens,  pernaos  because  jf  tneir 
high  elastic  consonance  *mcn  promotes  stress 
transfer  to  the  ?ZT.  Tine  in  coefficient  of  soiid 
PZT  JO  I A  u  approximately  uOO  pC/N.  Hyaro- 
static  piezceiectnc  coefficients  i i  *ers  measures 
by  j  pseudostatic  method.  ?*essure  *as  aooued  .n 
an  on-filed  cylinder  at  a  rate  of  500  psi/  sec.  ana 
the  resulting  charge  was  collected  -vun  a  Keitmey 
Eiearometer  ooerated  n  a  'eesbacx  charge- me- 
gration  mode.  Figure  5  snows  i»  p  otted  as  a 
function  of  voiume  percent  ?ZT  A  Proas  maxi¬ 
mum  ,s  ooserved  n  the  fO-’OT-  PZT  composition 
'ange.  Hvorostatic  coefficients  'or  the  >.iicone 
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FIGURE  J  OMtauic  conam  of  PTT-poivm»r  eomeosia  ptoctrd  u  a  function  ot  volume  percent  rZl. 
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FIGURE  4  Lcnynudinai  piewclcetne  eoeificiem  in  for  ?ZT-poi*m«r  tamoosucs  «uh  3-3  conncctivuv 


composites  are  about  twice  as  large  as  ep oxv 
composites  of  the  same  volume  fraction  PZT  and 
up  to  five  times  larger  than  the  dt,  value  of  PZT 
(-50  pC/Nl. 

The  piezoelectric  voltage  coetficiems  gu  and  g* 
are  also  substantially  larger  tnan  those  ot  ;oiid 
PZT  because  the  composites  have  much  lower 
dielectric  constants.  A  composite  containing 
30%  PZT  and  '0%  silicone  elastomer  has  a  g: j 


t  —d^i/K  nu  )  coefficient  of  aoout  300  X  !0" 
Vm/N  compared  to  15  X  1  O' s  for  the  «ojia 
ceramic.  For  hydrostatic  conditions,  Jn  =■.?.. 
K  n eo  i  is  aoout  1 00  X  10”  for  manv  ot  :ne  jh- 
•cone  rubber  comoosttes.  whiie  tnat  of  soud  ?Z~ 
:s  ontv  3  X  10”  Epoxv  comoosites  have  >ome- 
*nat  smaller  .on age  coetficiems  than  tno.se  mace 
*un  siiicone  elastomer.  The  tivdrostatic  tlgcre  ai 
mem  'a*gs  i  for  nvaropnene  aopucations  s 
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largest  for  PZT-silicone  rubber  composites  con¬ 
taining  10%  PZT.  For  these  samples  i*£*  exceeds 
2  X  IQ"11  CVfa/N1.  more  than  a  hundred  times 
larger  than  solid  PZT  ceramics. 

The  resuits  compare  favorably  with  measure¬ 
ments  on  similar  materials.  Using  the  same  tech¬ 
nique  described  in  this  paper.  Shrour1  previously 
prepared  a  number  of  PZT -polymer  composites 
containing  30  volume  percent  PZT.  The  PZT-sil- 
icone  rubber  samples  had  dielectric  constants  be¬ 
tween  4 0  and  200.  in  values  in  the  range 
10-240  X  10*u  C/N.  and  ?>  values  of  50-70  X  I0‘* 
Vm/N.  Piezoelectric  coefficients  for  PZT-epofy 
composites  were  somewhat  smaller  in 
10  X  I0*'1  and  if*  about  40  X  10'*.  Porous 
interconnected  PZT-siiicone  rubber  samples  pre¬ 
pared  by  Nagata  and  co-workers*  gave  fn 
-  130  X  IQ*1  Vm/N.  These  composites  contained 
4g  volume  %  PZT.  The  ladder-type  composites 
reported  by  Miyashtta  and  co-workers*  gave 
slightly  lower  values  of  90  X  10'1  for  fu. 

I  THEORETICAL  model 

The  physical  properties  of  3-3  composites  can  be 
described  wuh  the  cubic  array  illustrated  m  F,g- 
,  jre  6.  The  model  consists  of  intersecting  rectangu¬ 
lar  columns  of  PZT  arranged  in  three  perpendicu¬ 
lar  directions  and  embedded  in  a  polymer  matrix. 
!  r or  simplicity,  it  is  assumed  that  one  set  of 
columns  is  parallel  to  the  poling  direction  t.f,  >, 


and  that  this  set  of  columns  are  fully  poled,  while 
those  in  the  perpendicular  directions  along  X,  and 
X\  are  unpoled. 

Berlincourt  used  a  similar  model  to  explain  the 
piezoelectric  properties  of  PZT  sponge,  a  porous 
ceramic  made  by  Cevite  Corporation  about 
twenty  years  ago.  The  sponge  was  3-3  structure 
made  from  a  slurry  of  PZT,  water,  and  soapsuds, 
but  it  was  difficult  to  back-fill,  and  therefore 
composites  were  not  prepared. 

In  one  “unit  cell”  of  the  cubic  array,  there  are 
four  kinds  of  PZT  blocks;  (i)  rectangular  blocks 
parallel  to  Xi,  (ii)  rectangular  blocks  parallel  to 
Xi,  (iii)  rectangular  blocks  parallel  to  Xu  and  <  iv  > 
cubic  blocks  at  the  intersections.  The  cubic  lattice 
contains  equal  number  of  the  four  types.  If  the 
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PTGURE  5  Th*  reocat  jnit  i  :uotc  skeleton  a^etj  o 
nocjel  :fte  Jieiecinc  inc  3i«20«iettnc  arooertics  ji 
comoositea. 
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length  of  the  reaangular  blocks  u  /.  and  (he  width 
L.  then  the  volume  of  (he  rectangular  blocks  is  L'l 
and  that  of  the  cubic  blocks  L1  In  one  unit  ceil  of 
the  cubic  array,  the  volume  of  PZT  is  L1  -r  IL'l. 
and  the  volume  fraction  PZT  is 


I1  +  3  Lll 
(L+lf  ' 


The  remainder  of  the  volume  is  filled  with 
polymer. 


Dititaric  constants 

The  dielectric  constant  of  interest  is  Xu  since  the 
electrode  surfaces  are_perpendicular  to  Xt.  In  the 
notation  used  herein  is  the  dielectric  constant 
of  the  composite.  [X »  is  the  dielectric  constant  of 
PZT.  and  'Xti  is  that  of  the  polymer.  Since 
'  Xn  >  1  Xu.  the  dielectric  propenies  of  PZT  tend 
to  dominate  the  calculations.  The  reaangular 
blocks  parallel  to  Xu  together  with  the  cubic 
blocks,  contribute  most  to  Xu.  The  blocks  paral¬ 
lel  to  Xt  and  .5fj  are  connected  in  senes  with  poly¬ 
mer  and  therefore  contnbute  relatively  little. 

For  a  unit  cube  (L  -r  /  »  1).  the  dieleanc  con¬ 
stant  is  approximately 

X„  m  ‘Xn  L‘  (2) 


FIGURE  r  Piezoctectne  and  Ciciennc  cueilicicnu 
taieil  from  in*  euoie  array  model. 


posites.  and  why  they  have  lower  dieleanc 
constants. 

The  dieleanc  constant  of  a  3-3  composite  de¬ 
creases  rapidly  with  increasing  polymer  conieni. 
For  simple  parallel  conneaion.  a  linear  relation 
between  the  dieiearic  constant  and  the  volume 
fraaton  PZT  is  expeaed.  For  a  cubic  lattice 
model,  the  decrease  is  faster  than  linear.  *nicn  a 
advantageous  for  the  piezoelectric  voltage  confi¬ 
dent.  The  reason  for  the  rapid  decrease  is  that 
much  of  the  PZT  is  in  senes  with  polymer. 


where  L  is  the  width  of  the  reaangular  blocks 
( Figure  6).  expressed  in  cell  fraaions.  This  as¬ 
sumes  that  the  permittivity  of  PZT  C X  —  1800)  is 
far  larger  than  that  of  the  polymer  (\<  —  10). 
Using  the  relationship  between  L.  L  and  'v  given  in 
Eq.  (1).  the  dieiearic  constant  of  the  composite 
can  be  written  as  a  function  of  the  voiume  frac¬ 
tion  PZT  ('/).  This  is  plotted  in  Figure  7.  The 
measured  dieleanc  constants  are  lower  than  the 
predicted  values.  This  may  be  due  io  deficiencies 
in  the  theoretical  model,  but  the  cracks  caused  Py 
poling  (see  Figure  2a)  undoubtedly  contribute  to 
the  discrepancy.  Since  the  cracks  are  oriented 
perpendicular  to  the  poling  direction,  the  material 
is  essentially  divided  up  into  capacitive  elements 
with  air  and  PZT  connected  m  senes.  Under  these 
conditions,  the  permittivity  drops  'aptdiy  -.vith 
only  a  slight  amount  of  fracture.  Silicone  ruooer 
provides  less  mechanical  supoort  for  the  ceramic 
than  does  epoxy.  This  may  explain  why  more 
cracking  was  observed  in  the  siiicone  ruooer  com- 


Piezotieanc  cot/Jictents 

The  longitudinal  coefficient  in  relates  the  polari¬ 
zation  component  P}  to  stress  component  m.  For 
a  composite,  the  magnitude  of  in  depenas 
strongly  on  what  fraction  of  the  stress  is  borne  by 
the  piezoelectric  element.  Ideally,  the  stiff  piezo- 
eiearic  ceramic  bears  all  the  stress  and  the  poi>- 
mer  none.  For  a  perfea  parallel  conneaion 

-  _  v  'in  'Sit  "•*  'v  'in  j n 

in  =  r~:  ■— T” -  '-•> 

v  til  -  v  j„ 

wnere  '*■  and  "v  are  the  respective  volume  frac¬ 
tions  of  PZT  and  poiymer.  Longitudinal  com¬ 
pliances  are  denoted  ov  ana  :in.  ana  me 
piezoelectric  effect  of  the  oolvmer  s  a.ssurneu 
be  z-ro  'in  —  0. 

Comoosites  wun  3-3  connective  are  oar*.:ail\ 
m  parallel  and  oaniailv  n  series,  ana  therefore 
Eq.  i  3)  will  not  be  accurate.  Referring  to  F:gure  a. 
the  portion  of  PZT  m  parallel  witn  :nc  oo/vmer 
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maim  consuls  of  the  cubic  blocks  together  with 
the  rectangular  columns  parallel  to  X\.  This  pan 
of  the  PZT  skeleton  is  assumed  to  be  fully  poled, 
and  therefore  piezoelearically  active.  The  rectan¬ 
gular  blocks  parallel  to  X\  and  Xi  are  in  series 
with  polymer,  and  since  they  are  unpoied.  con¬ 
tribute  nothing  to  the  piezoelectric  effect.  Thus 
much  of  the  PZT  (approximately  twothirds  for 
small  fractions)  is  inactive,  and  the  composite  be¬ 
haves  as  if  it  contains  a  much  smaller  volume 
fraction  PZT.  The  formula  for  d«  can  be  rewrit¬ 
ten  as 


du  ■ 


V  'dii  :r*i 
V  +■  V  'ns' 


(4) 


where  'r*  is  the  volume  fraction  of  active  PZT 
and  :v*  is  the  volume  fraction  of  polymer  loaded 
with  inactive  PZT.  !t*j  is  the  modiiied  compliance 
of  (he  polymer.  The  volume  fraction  of  active 
PZT  is 


Therefore  only  the  cubic  blocks  contribute  to  d»; 
d„  *  Ll  'dt,/(L  -*■  1) J. 

In  Figure  7,  dn  is  plotted  as  a  function  of  total 
volume  fraction  PZT.  When  'v  is  large,  the  com¬ 
posite  consists  mainly  of  cubic  intersections,  and 
dn  is  large.  When  '»  is  very  small,  the  intersection 
cubes  neariy_disappear.  and  so  docs  dn.  The  rapid 
decease  of  dn  with  'v  is  a  strong  contributing  fac¬ 
tor  to  the  hydrostatic  sensitivity. 

The  hydrostatic  piezoelectric  coefficient  d*  is 
obtained  from  dn  +  Idn  and  is  plotted  as  a  func¬ 
tion  of  '/in  Figure  7.  Mote  that  d*  goes  through  a 
broad  maximum  near  the  50%  composition,  sim¬ 
ilar  to  the  experimental  values  (Figure  51.  In  gen¬ 
eral  the  model  gives  good  agreement  with  the 
experimental  results. 
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where  L  and  /  are  the  dimensions  referred  to  Fig¬ 
ure  6.  The  loaded  polymer  volume  fraction 
*  I  —  'v*.  Elastic  compliance  coefficient  :rfi 
is  less  than  ,j»».  but  is  substantially  larger  than 
'in.  the  compliance  of  pure  PZT.  In  Figure  7.  she 
value  of  dn  is  plotted  as  a  function  of  V  the  total 
volume  fraction  of  PZT.  assuming  a  value  of  0.1 
for 't ij/^fi.  If  this  ratio  is  very  much  smaller,  du 
is  independent  of  'v.  reverting  to  the  ideal  parallel 
connection  model. 

Piezoelectric  coefficient  du  is  more  straightfor¬ 
ward.  Two  parts  of  the  PZT  network  are  piezo¬ 
electric.  the  rectangular  columns  parallel  to  Xi 
and  the  cubic  blocks  at  the  intersecting  columns. 
Since  stress  component  is  earned  by  the  lateral 
rectangular  columns,  the  stress  is  transmitted  to 
(he  cubic  blocks  but  not  to  the  vertical  columns. 


W«  «n«  CO  thank  our  colleagues  u  :h«  Materials  Research 
Laboratory  for  their  advice  and  encouragement.  This  »or» 
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1.  Introduction  and  Background 

Several  crystal  classes  whose  internal  symmetry  results  in  a  permanent 
electric  polarization  display  the  property  of  piezoelectricity.  These  materials 
produce  an  electrical  response  due  to  the  application  of  mechanical  stress.  The 
magnitude  of  the  charge  is  linearly  proportional  to  the  stress  through  the  piezo¬ 
electric  coefficient  (d)  and  the  sign  of  the  charge  can  be  changed  by  reversing 
the  direction  of  the  stress.  The  polarization  ( ?  )  developed  under  this 
direct  piezoelectric  effect  is: 

fi '  Vj  a) 


where  C  is  the  applied  stress  and  i  and  j  refer  to  orthogonal  directions 
within  the  sample.  In  addition  to  the  direct  effect,  piezoelectric  materials  can 
also  convert  electrical  energy  into  a  mechanical  response.  This  converse  piezo¬ 
electric  effect  is  given  by: 

h'Vj  (2>  _ 

where  .Sis  the  mechanical  strain  produced  by  the  applied  electric  field  (E) . 

Piezoelectric  materials  have  found  application  in  a  large  number  of  areas 
including  radio  transmitters,  hydrophones,  resonators  and  phonographic  pickups. 

At  one  time,  natural  crystals  (such  as  quartz)  were  used  as  the  piezoelectric 
element.  Today,  however,  many  piezoelectric  materials  are  prepared  from  poly- 
crystalline  ceramics  such  as  lead  zirconata  titanata  (PZj.)  and  oarium  t.tanate. 
Application  of  high  electric  fields  (poling)  at  temperatures  just  below  the 
Curia  temperature  are  required  to  introduce  a  polar  axis  in  these  mater. ais.  As 
can  be  seen  in  Table  1,  the  poled  ceramics  have  quite  large  d-coef ficients  vr.icr. 
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desirable  ia  piezoelectric  driver  applications  such  as  ultrasonic  cleaners  and 
sonar.  For  hydrophones  and  phonograph  pickups  a  useful  figure  of  aerie  is  the 
piezoelectric  voltage  coefficient  (g)  which  is  defined  as: 

-  (3) 


where  £  is  tha  dielectric  permittivity  of  the  macerial.  The  g's  of  the 

ceramics  listed  in  Table  1  are  somewhat  less  outstanding  than  their  d-coef ficiencs 

due  to  their  large  dielectric  permittivities. 

Ia  the  last  decade  considerable  effort  has  been  devoted  to  developing  piezoelectric 

polymers  (1,2).  The  polymer  chat  has  received  by  far  the  most  attention  is  po  1? 

(vinylidene  fluoride  J  (PVF^) .  is  a  semi -crystalline  polymer  (ypically  about  5C5 

crystallinity)  with  a  glass  transition  temperature  of  near  -40aC.  Currently, 

four  forms  of  crystalline  PVF^  are  known (l)Jhese  are  generally  referred  to  as 

forms  I, II,  III  and  II  or  3,a,y  anda  ,  resoeccively .  The  form  of  most  imoortance 

P  P  .  . 

from  a  piezoelectric  standpoint  is  form  I  (2)  since  in  this  phase  the  dipoles  of 
the  monomer  units  are  parallel  resulting  in  a  substantial  dipole  moment.  Commercial 
PVF^  usually  consists  of  ancipolar  form  II  crystals  and  must  therefore  be  taken 
through  a  series  of  processing  steps  in  order  to  render  the  material  piazoeleccric- 
ally-accive.  A  typical  approach  involves  strecchina  commercial  ?Y tilm  at 
50  to  63aC  to  about  four  times  its  original  Length.  The  film  is  then 
aleccroded  and  poled  at  a  field  of  approximately  3  :c  iO^^nm  at  100aC  tor  an 
hour.  The  films  are  subsequently  cooled  to  room  temperature  under  the  applied 
field  to  prevent  depoiing. 

PYF^  has  a  dielectric  constant  of  about  15  which  is  relatively  large  for 
organic  materials  but  is  some  two  orders  of  magnifies  lass  than 


PZT  ceramics.  The  longitudinal  p iezoelectric  strain  coefficient 


:r  oo.ee 


?V7,  is  quite  high  tor  polymers  -  on  one  order  of  1C  to  30  oc ,  but  or. is  is 
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ficantly  lower  than  the  d^  values  for  PZT  ceramics  which  range  from  about  100 

to  600  £C  .  Despite  the  relatively  small  d,  ,  the  permittivity  of  PV7  is 
N  id  2 

sufficiently  low  chat  a  large  voltage  coefficient  (g^)  0'5Ca;'-ne,i‘ 

The  relative  compliance  and  flexibility  of  PVF^  is  high  and  its  density  is 
low  compared  to  conventional  piezoelectric  ceramics  ,  and  these  properties  impart 
some  decided  advantages  to  PVI^  when  used  as  a  piezoelectric  sensor.  A  low  density 

piezoelectric  has  better  acoustic  coupling  to  water  and  can  be  more  easily 
adjusted  to  neutral  bouyancy  chan  Che  high  density  PZT  ceramics  now  used  for 
hydrophones.  Compliant  polymers  also  have  better  shock  resistance  than  con¬ 
ventional  ceramic  transducers  and  the  large  compliance  also  means  high  damping, 
which  is  often  desirable  in  a  passive  device.  In  addition,  a  flexible  material 
could  be  def-'rmed  to  any  desired  profile. 

Overall,  this  combination  of  properties  appears  quite  attractive  and,  in 
fact,  PVF^  has  gained  the  attention  of  a  number  of  investigators  whose  efforts 
have  been  directed  coward  developing  devices  based  on  piezoelectricity  in 
PVF^  (3,4).  There  are,  however,  problems  associated  with  the  use  of  PVT^*  The 
low  piezoelectric  strain  coefficient  reduces  its  importance  as  an  active  device, 
and  although  its  high  voltage  sensitivity  means  it  may  be  good  as  a  passive 
device,  a  problem  arises  here,  too.  When  used  as  a  hydrophone,  the  material 
must  be  fixed  to  a  curved  surface  which  can  flex  in  response  to  pressure 
changes.  The  difficulty  lies  in  designing  a  sealed  flexible  mount  for  the 
polymer  which  will  function  when  exposed  to  the  high  pressures  which  exist  deep 
in  the  ocean  and  still  retain  sensitivity  when  near  the  surface.  So  we  see, 

Chen,  chat  the  figure  of  meric  g^  is  not  the  sole  criterion,  but  chat  other 
aspects  of  the  problem  must  be  examined  as  well. 


Another  approach  co  the  development  of  high  sensitivity,  rugged  and  relatively 


flexible  piezoelectric  materials  is  co  combine  che  large  piezoelectric  affects 
found  in  poled  piezoelectric  ceramics  with  che  desired  mechanical  properties  of 
polymers.  The  main  problem  in  these  composites  is  to  affect  che  combination 
in  such  a  way  as  co  exploit  che  desirable  features  of  both  components  and 
thereby  maximize  the  figure  of  merit.  In  the  last  several  years,  considerable 
progress  has  been  made  in  che  development  of  piezoelectric  composites  made 
with  polymers  and  piezoelectric  ceramics.  Some  of  che  results  and  a  few 

design  principles  are  reviewed  in  che  next  sections. 

11.  Piezoelectric  Cjmoo sices 

1.  Connectivity 

Connectivity  is  a  '<cey  faacure  in  property  development  in  multiphase  solids 
since  physical  properties  can  change  by  many  orders  of  magnitude  depending  on  che 
manner  in  which  connections  are  made.  Imagine,  for  instance,  an  electric  wire  in 
which  che  mecallic  conductor  and  its  polymeric  insulation,  are  connected  in  series 
rather  than  in  parallel! 

Each  phase  in  a  composite  may  be  self -connected  in  zero,  one,  two,  or 
three  dimensions.  It  is  natural  to  confine  attention  to  three  perpendicular  axes 
because  piezoelectricity  and  ocher  property  tensors  are  referred  to  such  systems  (5'. 
If  we  limit  che  discussion  co  diphasic  composites,  there  are  ten  possible  connecti¬ 
vity  patterns  as  shown  in  Figure  1.  These  are  designated  as  3-0,  1-0,  2-0,  2-0,  1-1, 
2-1,  3-1,  2-2,  3-2,  and  3-3.  A  2-1  connectivity  pattern,  for  example,  has  one 
phase  self -connected  in  two-dimensional  layers,  the  ocher  self -connec ted  ir.  one¬ 
dimensional  chains  or  fibers.  The  connectivity  paccems  are  noc  geometrically 


unique. 

In  the 

case 

of  a  2- 

1  pattern  the  fibers 

of  the  second  phase  might  be 

perper.dic 

ular  to 

the 

layers 

of  the  first  phase, 

as  ir.  Figure  1.  or  they  might  be 

oarailel 

to  the 

laver 

'3 . 

the  notation  that  we 

vc _ use  ir.  : o „ov.r.g  —  -s  ...a 

self-connectivity  of  the  piezoelectric  prase  will  be  giver,  first  arc  me  ir.acoi-.-s 
phase  second.  Thus  a  2-3  ccmposite  ccr.sists  o:  piezoelectric  ceramic  fibers 


embedded  in  a  non-piezoelectric  polymer  matrix  and  a  3-1  composite  is  a  solid 
piece  of  piezoelectric  ceramic  with  parallel  holes  filled  with  an  inactive 
polymer. 


2.  Piezoelectric  ceramic  particles  dispersed  in  polymers 

Some  of  the  earliest  attempts  at  preparing  piezoelectric  ceramic /polymer 
composites  consisted  of  dispersing  piezoelectric  ceramic  particles  in  a  polymer 
matrix  (0-3  composites).  Flexible  0-3  composites  made  at  Gould  were  fabricated 
using  5  to  10  urn  particles  bound  in  a  polyurethane  matrix  (6).  A  similar  material 
was  developed  by  Harrison  using  120  ym  particles  in  a  silicone  rubber  matrix  (7). 
The  longitudinal  d  values  obtained  in  both  cases  were  comparable  to  piezo¬ 
electric  PVF^  buc  the  voltage  sensitivities  were  lower  because  of  the  higher 
permittivities  in  the  composites.  The  difficulty  with  this  type  of  composite  where 
the  piezoelectric  particles  are  smaller  in  diameter  than  the  thickness  of  the 
polymer  sheec  (Figure  2a)  is  chat  low  permittivity  polymer  layers  separate  the 
piezoelectric  particles,  preventing  saturation  poling  after  the  composite  is 
formed.  Even  after  some  poling  has  been  achieved,  the  interleaved  compliant 
polymer  attenuates  the  piezoelectric  response  of  the  composite. 

Composites  have  been  prepared  at  Honeywell  which  contain  much  larger 
particles  (up  to  2.4  mm  in  diameter) (7) .  A  material  of  this  type  is  shown 
schematically  in  Figure  2b.  Here  the  particle  size  approaches  the  thickness  of 
the  composite  and  these  materials  therefore  have  at  least  partial  1-3  connectivity. 
Since  the  piezoelectric  particles  extend  from  electrode  to  electrode,  near  sat¬ 
uration  poling  can  be  achieved.  The  large  rigid  piezoelectric  particles  can 
transmit  an  applied  stress  well  leading  to  high  d  values  if  d  is  measured  across 
the  particles.  Permittivities  in  these  materials  are  low  compared  to  homo¬ 
geneous  PZT,  resulting  in  a  relatively  high  g  coefficient.  The  problem  here  is 
that  properties  of  the  composite  are  extremely  position  sensitive. 
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To  make  an  erf active  composite  transducer ,  it  can  be  seer  that  one  cannot 
merely  mix  two  materials  together  -  some  ocher  consideration  is  necessary. 
Designing  a  composite  entails  not  only  choosing  component  phases  with  the 
right  properties  but  also  coupling  the  materials  in  the  optimal  manner.  The 
connectivity  of  each  phase  is  of  major  importance  since  this  controls  the 
electric  flux  pactarn  and  the  mechanical  stress  distribution. 

The  Japanese  have  been  especially  active  in  the  development  of  piezo¬ 
electric  ceramic  particle-filled  polymers  (3-10).  In  fact,  HT32  has 
commercialized  two  such  products: '?iezo-Fiim'  and  ’Piezo-Rubber’,  composites 
of  ?ZT  particles  with  an  unspecified  thermoplastic  resin  and  elastomer 
matrix,  respectively.  These  materials  look  promising  in  a  number  of  applications 
including  audio  headphones,  microphones  and  pressure  gauges. 

Finally,  it  is  incaresting  to  note  the  similarity  in  structure 
between  che  true  0-3  ceramic/polymer  composites  and  PVT,  :  PVT^  ten 
be  thought  of  as  a  composite  consisting  of  piezoelectric  crystals  in 
an  amorphous  matrix  .  .  The  0-3  composites  have  in  fact  between  used 
as  models  for  the  piezoelectric  effect  in  PVT^  (ID  ■ 

3.  Parallel  and  Series  Connections  in  Composites 

To  illuscraca  the  majc  •  modifications  in  ensemble  properties  which 
can  be  effected  even  in  simple  linear  systems,  one-dimensional  solutions 
are  summarized  for  che  piezoelectric  properties  of  heterogeneous  cvo- 
phase  structures  (12,13). 

Consider  first  the  piezoelectric  properties  of  lamellar  diphasic 
composites.  The  longitudinal  piezoelectric  coefficient  d,,  has  beer,  derived 
for  a  diphasic  piezoelectric  with  the  constituent  prases  arrir.ged  in 
alternating  layers  normal  to  the  I.  direction  ^Figure  2a',  .  Tesignatcng 


7 


phase  1  with  a  superscript  1,  and  phase  2  with  superscript  2,  phase 

1  1 

1  has  volume  fraction  v ,  piezoelectric  coefficient  and  permittivity 

1  2  2  2 

e33>  and  phase  2  has  v,  d^.  and  c^.  respectively.  Solving  cor 

the  piezoelectric  coefficient  of  the  composite  gives  : 


1  1.  2 
v  d33  t.33 


^  2  2.  1. 

v  d33  *"33 


12  2  1 

v  s33  v  *-33 


(4) 


Using  the  relation  g33  ■  d33/e33  yields  the  composite  piezoelectric 


voltage  coefficient: 


g 


1  1 


2  2 


33 


v  *33  +  v  *33 


(5) 


It  is  interesting  to  note  that  for  a  series  connection  even  a  very 
thin  low-peraittivity  layer  rapidly  lowers  the  d-coef f icient  but  has 
little  effect  on  the  corresponding  g-coerficient. 

If  the  two  phases  lie  in  layers  oriented  perpendicular  to  the  electrodes 
(Figure  3b),  again  for  the  one-dimensional  case  and  neglecting  transverse 


coupling,  the  composite  piezoelectric  coefficient  is 

11,  2  ^  2  2,  1 


33 


v  d33  s33  +  v  d33  s33 

1  2  .  2  1 
v  s33  +  v  s33 


(6) 


where  ds33  and  2s33  are  the  elastic  compliances  for  stresses  normal 

to  the  electrodes.  A  similar  expression  can  be  written  for  g33> 

A  composite  of  interest  here  is  that  of  an  elastically  compliant 

nonpiezoelectric  polymer  in  parallel  with  a  stiff  piezoelectric  ceramic.  ..n  this  case 

1d33  >>2d33,  1s33<<  2s33-  1-  we  assume  lv  -  2v  =■  1/2  then  d33  a  1d33> 

i  a.  the  oiezoeiectric  d-coef ficiant  of  the  composite  is  the  same  as  the 

.1  .2.  -  -1*,,  1  ' 


pure  piezoelectric  alone.  It  '-33  ?>  e 3 3 »  g33-  ..  JJ 


Mi 


,  3nd  for  small 


volume  fractions  of  the  oiezoeiectric  phase 


33 


3 


che  g-coeff icienc  is  correspondingly ■ amplified.  Ic  is  this  case  which  accounts 
for  che  highly  successful  performance  of  she  transducer  structures  described  in 
later  sections.  The  structure  also  has  considerable  hydrostatic  sensitivity. 


4.  Hydrostatic  Sensitivity 

A  problem  arises  when  one  attempts  to  use  solid  ?ZT  as  a  hydrostatic 
sensor  because  d^  is  approximately  equal  to  -2d^,  resulting  in  a 
low  piezoelectric  response  to  hydrostatic  pressure  change.  Since  sizeable 
g^^  coefficients  can  be  obtained  for  composites  with  parallel  connection, 
ic  is  interesting  to  inquire  into  the  hydrostatic  sensitivity  of  this 
type  of  connectivity. 

To  evaluate  che  effective  hydrostatic  sensitivity  for  parallel 
connection,  it  is  necessary  to  evaluate  che  transverse  piezoelectric 
coefficient  d^  since  *  -oCd^  y  2d^)  where  p  is  che  applied  hydrostatic 
pressure.  Since  che  piezoelectric  rods  are  approximately  connected  inseries  in 


che  lateral  directions  ic  can  be  shown  chat  3  v  *  v~d^. 

This  leads  to  a  hydrostatic  piezoelectric  coefficient  : 


1  lj 
v  d 


H  •  d  *+■  id 
h  a33  "a3l 


33  33 


2  2U 

v  d 


33 


12  2  1 
V  S33+  V  3 


>  2  1 


33 


Li.  .2  2j  . 
v  d3r  v  d31) 


(7) 


Suppose  for  che  composite  we  choose  equal  volumes  of  •„ iezoeleccric 

i. 


PZT  (phase  1)  ar.d  a  compliant  elastomer  (phase  2)  such  that  Lv  *  ~v 


33 

and  d 


2  12  1  1  _ 

K<  s33>  ^33  *  ^33>  an!*  ^32  3-2  '^31'  ^or  *“a  -=aiposice,  d.,  3  i*d.. 


33 


33’ 


*33  "  '*33 

giving  I 


h  d 


33' 


This  is  a  considerable  improvement  over  single  phase  oerformanca. 
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Since  the  hydrophones  used  under  hydroscacic  conditions  are  normally 
voltage  generators,  the  further  favorable  enhancement  of  the  voltage 
coefficient  g^  can  also  be  exploited:  g^  -  d^/E^.  lowering  the  permittivity 


'33 


increases  the  sensitivity  to  small  pressure  changes  by  raising  g^. 


5 .  Piezoelectric  Composites  with  1-3  Connectivity 

Considering  the  parallel  connectivity  described  previously,  the  ideal 
three  dimensional  case  is  one  of  PZT  rods  embedded  in  a  continuous 
polymer  phase,  chat  is,  1-3  connectivity.  According  to  equal 
strain  composite  theory,  d^  should  not  be  a  function  of  the  volume 
fraction  of  PZT  in  che  composite.  This  assumes  an  idealized  situation 
in  which  che  polymer  phase  is  far  more  compliant  chan  PZT,  causing 
all  che  stress  on  che  polymer  to  be  transferred  to  the  PZT  rods.  That 
is,  as  che  volume  fraction  PZT  decreases,  che  stress  on  che  rods  increases 
proportionally,  so  chat  che  charge  per  unit  area  of  che  composite  is 
conscanc.  For  pressure  sensors,  it  is  not  necessary  chat  d^  be  large 
in  order  to  enhance  che  d^  coefficient  of  che  composite.  If,  as  che 

volume  fraction  of  PZT  is  decreased, j  cf^j  decreases  more  rapidly  chan 

d"-,  then  d.  will  be  increased.  Likewise,  if  c...  decreases  more  rapidly 
33  n  J  J 

than  d^,  as  che  volume  fraction  PZT  decreases,  then  gh  will  be  enhanced. 

Klicker,  at.  al.  (!■*)  prepared  1-3  composites  consisting  of  PZT  rods 
aligned  parallel  to  che  poling  axis  and  embedded  in  a  matrix  of  epoxy 
or  polyurethane  (Figure  i  ).  The  rods  were  in  contact  with  the  sur.ace 
electrodes  and  this  allowed  for  good  poling  of  che  ceramic.  The  site 
of  che  rods  and  che  total  amount  of  PZT  in  che  composites  can  oe  easily 
manipulated  with  this  design.  Figures  5  end  5  illustrate  che  piezoelectric 
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properties  obtainable  from  1-3  PZT, 'epoxy  composites.  Figure  5  shows 
chat  for  PZT  volume  fractions  down  to  40*,  the  d^  coefficients  are 
comparable  to  the  d^  of  solid  PZT,  about  400  ?C/N.  3eiow  402  PZT,  the 
d^  values  decrease  but  even  at  102  are  still  greater  than  one  half 
Che  value  for  pure  PZT.  Figure  5  shows  the  dependence  of  on  volume 
fraction  for  composites  of  4mm  thickness.  As  anticipated,  ail  the 
composites  have  larger  g^  coefficients  chan  pure  PZT  and  g^  Is  greatly 
affected  by  volume  fraction.  Mote  chac  a  composite  with  2.52  PZT  has 
a  piezoelectric  voltage  coefficient  3ome  nine  times  that  of  pure  PZT. 

The  epoxy/PZT  composites  also  have  substantial  hydrostatic  piezoelectric 
coefficients  and  quite  large  hydrostatic  voltage  coefficients.  The  density 
of  the  composite  can  be  adjusted  between  the  density  of  PZT  (7.9  ga/cc) 
and  chac  of  Che  epoxy  (abouc  1  ga/cc) .  It  is  important  to  noce  chac 
the  greatest  values  of  d.^,  g^,  and  g^  ar®  all  iound  in  the  composites 
with  low  volume  fractions  of  PZT.  Therefore  the  desired  properties 
of  low  density  and  large  piezoelectric  coefficients  are  obtained  ’with 
the  same  composites. 

1-3  composites  prepared  with  PZT  and  ocher  polymer  glasses  (polystyrene 
and  poly(mechyl  methacrylate) (PUMA) )  and  several  semi-crystalline  polymers 
(e.g.  nylon  11,  poly (butylene  terephchalate)  and  different  Hycrels) 
have  piezoelectric  properties  which  are  quite  similar  to  the  epoxy 
composites  (15,16).  In  addition,  foamed  polyurethane,  PZT  composites 'nave  excap 
piezoelectric  properties  out  are  very  pressure  dependent  due  to  collapse 
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of  che  void  structure  as  pressure  is  increased(17) .  The  hydrostatic  piezoelec 
properties  of  several  1-3  composites  are  listed  in  Table  2  . 

Somewhat  different  1-3  composites  were  prepared  by  Safari,  et,  ai 
(18).  Recall  that  early  work  on  ?ZT-polymer  composites  undertaken 
by  Harrison  and  co-workers  (?)  utilized  coarse  granules  of  sintered  PZT 
rather  than  PZT  rods.  A  schematic  drawing  of  this  PZT-loaded  silicone 
rubber  film  is  shown  in  Figure  2b.  The  piezoelectric  properties  were 
optimized  by  adjusting  the  size  of  the  granules  and  the  volume  fraction 
of  PZT.  Typical  values  were  given  in  Table  2. 

PZT  granules  of  irregular  shape  assume  a  variety  of  orientations 
with  respect  to  che  parallel  surface  of  the  composite  and  thus  grinding 
does  not  expose  every  granule  to  the  electroded  surface.  For  poling 
of  the  PZT  elements  to  occur,  these  elements  must  be  in  electrical 
contact  with  both  electroded  surfaces.  Therefore,  composites  fabricated 
from  irregular  granules  are  not  particularly  efficient.  The  inactive 
PZT  fragments  not  only  detract  from  the  piezoelectric  response  of 
che  composite  but  also  increase  che  density  and  decrease  che  flexibility 
unnecessarily. 

The  Safari,  et.  al.  composites  were  fabricated  using  PZT  spheres 
instead  of  irregular  granules.  Spheres  offer  several  potential  advantages 
over  irregularly  shaped  particles.  Composites  are  easily  fabricated 
by  pouring  che  spheres  into  a  pan  to  form  a  monolayer,  ana  then  covering 
them  with  che  polymer  phase.  A  light  sanding  exposes  che  PZT,  allowing 
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contact  to  both  electrodes.  The  dielectric  constant  of  these  composites 
were  300  to  400  and  "523  vas  co  55  x  10  ^  7m/N.  The  high  frequency 
properties  of  these  composites  were  measured  in  both  the  thickness 
and  radial  mode  of  resonance.  The  frequency  constants  and  coupling 
coefficients  of  the  composites  for  the  thickness  mode  of  resonance 
are  comparable  with  the  values  for  ?ZT.  Possible  applications  of  the 
composites  as  band-pass  filters,  have  been  developed. 

6.  Piezoelectric  Composites  with  3-3  Connectivity 

In  a  3-3  composite  each  of  the  constituent  phases  is  continuously 
self -connected  in  three  dimensions  co  give  two  interlocking  skeletons 
in  intiaace  contact  with  one  another.  This  type  of  structure  is  exhibited 
by  certain  polymer  foams,  by  some  phase-separated  metals  and  glasses, 
by  three-dimensional  weaves,  and  by  natural  substances  such  as  wood 
and  coral.  The  piezoelectric  properties  of  3-3  composites 
have  been  investigated  with  some  rather  remarkable  results.  For  certain 
coefficients,  dramatic  improvements  can  be  made  over  the  best  single¬ 
phase  piezoelectrics. 

Piezoelectric  ceramic-polymer  composites  with  3-3  connectivity 
were  first  made  by  Skinner,  ac  al.(13)  using  a  lost-wax  method  with  coral 
as  a  starting  material.  Among  the  advantages  of  these  composites  are 
high  hydrostatic  sensitivity,  low  dielectric  constant,  low  density 
for  improved  acoustic  impedance  matching  with  water,  high  compliance 
to  provide  damping,  and  the  mechanical  flexibility  needed  to  develop 
conformable  transducers.  Shrout,  ec  a!.  (19)  have  developed  a  simpler  method 
for  fabricating  a  three-dimensional!;/  interconnected 
?ZT/ polymer  composite  with  properties  similar  to  the 
coral-based  composites.  The  simp.iiied  preparation  metr.cc  involves 
mixing  PM1A  spr.eres  ar.c  PIT  powder  ir.  an  organic  binder.  Vhen  carefully 
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sintered,  a  porous  PZT  skeleton  is  formed,  and  later  back-filled  with 
polymer  to  form  a  3-3  composite.  Th^s  technique  is  commonly  referred 
to  as  the  BURPS  process,  an  acronym  for  burned-out  plastic  spheres. 

Since  the  process  involves  the  generation  and  emission  of  gaseous  hydrocarbons, 
che  name  BURPS  is  highly  appropriate.  The  composites  prepared  by  Shrout  ,  et  al. 
contained  a  ?ZT/polymer  volume  ratio  of  30/70. 

More  recently,  the  electromechanical  properties  of  3-3  composites 
having  a  wide  range  of  ?ZT/polymer  ratios  were  measured  (20),  and  compared 
to  the  results  with  other  piezoelectric  materials,  including  some  earlier 
Japanese  work  on  similar  composites  (21,22).  Dielectric  and  piezoelectric 
properties  were  measured  on  samples  ranging  from  30  to  70  volume  % 

PZT,  and  compared  with  a  rectangular  skeleton  model  for  3-3  composites. 

Composites  containing  50%  PZT-50%  silicone  rubber  appear  especially 

useful  for  hydrophone  applications  with  d^g^  products  a  hundred  times 
larger  than  PZT. 

7 .  Perforated  PZT/Polymer  Composites 

Composites  of  PZT  and  polymer  with  3-1  and  3-2  connecrivity  patterns 
have  been  fabricated  by  drilling  holes  in  sintered  PZT  blocks  and  filling 
Che  holes  with  epoxy  (23) .  The  influence  of  hole  size  and  volume  fraction 
PZT  on  che  hydrostatic  properties  of  the  composite  was  evaluated.  3y 
decoupling  che  piezoelectric  and  d^  coefficients  in  the  composite, 
che  hydrostatic  coefficients  are  greatly  enhanced.  On  samples  optimized 
for  hydrophone  performance,  che  dielectric  constants  of  3-1  and  3-2 
composites  are  600  and  300  respectively.  For  two  typical  composites, 
che  piezoelectric  coefficients  d.  ,  g.  ,  and  g,d.  for  3-1  comoosites 
are  230  (pClf1) ,  34 (10*3  VmN-1) ,  and  7300  (lO-15  mdT1)  respectively, 

and  the  corresponding  values  for  3-2  composites  are  372  (pCl'1) ,  123 

(IQ-3  VmN"1),  and  45000  (lO'^mV1) 
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These  composices  are  extremely  rugged  and  show  no  pressure  dependence. 
Similar  composices  can  be  prepared  by  extruding  the  ceramic  rather 
chan  drilling. (24) .  Composices  with  3-1  connectivity  were  fabricated  by 
impregnating  an  extruded,  sintered  honeycomb  configuration  of  ?ZT  with 
epoxy.  The  composices  had  lower  density  and  lower  dielectric  constant 
chan  that  of  solid  PZT.  The  maximvim  piezoelectric  c"^  coefficient 
of  the  composices  was  350  pC/H,  and  the  maximum  was 
220  pC/N.  g^  and  d^g^  of  the  composites  were  an  order  of  magnitude 
higher  chan  chat  of  solid  PZT. 

SUMMARY  AND  CONCLUSION 

Composite  piezoelectric  elements  form  an  interesting  family  of 
materials  which  highlight  the  major  advantages  composite  structures 
afford  in  improving  coupled  properties  in  solids  for  transduction  applications. 
3y  careful  consideration  of  the  crystal  symmecry,  macrosymmecry ,  and 
possible  modes  of  phase  interconnection  (connectivity)  which  can  be 
realized  by  modem  processing  technologies,  it  is  possible  to  design 
new  composite  transducers  with  property  combinations  tailored  for  specific 
device  requirements. 

We  believe  that  the  composite  materials  offer  a  new  versatility 
in  property  combinations,  and  it  will  be  most  interesting  to  observe 
how  this  is  taken  up  and  exploited  in  subsequent  generations  of  piezoelectric 


devices . 
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Crystal 

i 

BaliO 

C*  ramie 

^O.ia  ^.52^ 

1620 

1900 

8.55 

3.93 

-79.0 

191. Q 

1 

-4.7  11.4 

1 

! 

Ceramic 

1180 

730 

13.8 

17.1 

-93.5 

223.0 

-14.5  I  34.5 

?V?, 

15 

330 

17.9  to 

-20  to 

1 

95  !  -140 

" 

37 

-30 

1 

Table  2 


Hydrostatic  Mode  Materials 


Dielectric 

Constant 

«33> 

(pC/N) 

8h 

_10"3Vm/N 

10_15m2/H 

PZT 

I 

1600 

50 

4 

200 

l 

PbNb^O^  (ceramic) 

225 

65 

35 

2300 

pvf2 

12 

11 

100 

1100 

Selected  Composites 

0-3  PZT/ 
silicone  rubber 

100 

28 

32 

900 

1-3  PZT/ epoxy 

70 

30 

50 

1500 

1-3  PZT/ foamed 
polyurethane 

75 

85 

10000 

3-3  PZT/ silicone 
rubber 

450 

180 

45 

8100 

3-2  PZT/ epoxy 

410 

200 

DO 

11000 

rig.  1  Tan  connectivity  patterns  for  a  diphasic  solid.  Each  phase  has  zero-, 
one— ,  cvo-or  three-dimensional  connectivity  to  itself.  In  the  3-1 
composite,  for  instance,  the  shaded  phase  is  three-diaensionally 
connected  and  the  unshaded  phase  is  one-dimensionaliy  connected. 

Arrows  are  used  to  indicate  the  connected  directions.  Two  views  of 
the  3-3  and  3-2  patterns  are  given  because  the  two  interpenetrating 
networks  are  difficult  to  visualize  on  paper.  The  views  are  related 
by  90*  counterclockwise  rotation  about  Z. 

Fig,  2  two  types  of  piezoelectric  ceramic /polymer  composites:  (a)  represents  sma 

piezoelectric  particles  suspended  in  a  polymer  film:  (b)  represents 
bound  piezoelectric  particles  of  a  size  comparable  to  the  thickness  of 
the  polymer  sheet. 

Fig.  3  The  series  (a)  and  parallel  (b)  aodel3  used  in  estimating  the  piezo¬ 
electric  effects  of  diphasic  solids. 

Fig.  4  Fabrication  of  1-3  composites  with  ?ZT  rods  and  an  epoxy. 

Fig.  5  d^  vs  volume  2  ?ZT  for  1-3  ?ZT/epoxy  composites. 

Fig.  6  4s  a  function  of  volume  2  ?ZT  for  1-3  ?ZT/ epoxy  composites. 
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I.  Introduction  anq  Background 

By  careful  cnaics  of  design,  multiphase  materials  may  be  produced  which  posaess 
ultimate  properties  which  are  superior  to  the  sum  of  those  of  the  individual 
components.'' with  this  idea  in  mind,  novel  piezoelectric  transducers  have 

been  produced  and  tested  for  applications  such  as  hydropnones  and  medical 

'2) 

ultrasound.^  One  of  the  most  successful  designs  to  data  consists  of  slender, 
extruded  fibers  of  lead  zirconate  titanate  (PZT)  aligned  normal  to  two  eiectroded 

'T  /t  5) 

surfaces  and  surrounded  by  a  polymer  matrix  '  ’  ’  .  These  composites  are 
referred  to  as  1-3  composites  in  the  nomenclature  adopted  by  Newnnam,et  al. 
where  the  numbers  refer  to  the  total  orthogonal  directions  'in  an  orthogonal  axis 
system)  in  which  each  phase  is  3elf -connected.  Since  the  PZT  rods  are  continuous 
from  one  electrode  surface  to  the  other,  saturation  poling  can  be  accomoiisned; 
thereby  ensuring  the  maximum  piezoelectric  sensitivity. 

The  hydrostatic  piezoelectric  response  can  oe  defined  by  the  piezoelectric 
strain  (d^)  and  voltage  lg^)  coefficients,  is  a  measure  of  the 
polarization  produced  as  a  result  of  aoplying  a  hydrostatic  3tres3  ana  ;s  given  py: 

d.  ■  d  2d  (1) 

%  33  31 


where  the  3ubscriots  refer  to  directions  in  an  orthogonal  3xis  system  according  to 
the  common  reduced  notation.  The  3-direction  is  defined  33  the  direction  parallel  to 
the  PZT  fiber  axis.  Charge  whicn  develoos  on  the  electrode  surface  as  a  result  of 
stresses  parallel  and  perpendicular  to  the  poling  axis  is  governed  by  d,.  and 

J  J 

d^,  rescectively.  The  voltage  coefficient  is  related  to  d^  oy: 


33  o 


'2) 


w nere  ’■< 


33 


is  the  dieiectnc  constant  in  the  ooiing  direction  anc  c 


3 


permittivity  of  free  space.  Sines,  for  PZT,  d^j  is  opposite  in  sign  to  and 
slightly  twice  the  value  of  d^,  and  is  large,  both  d^  and  g^ 
are  relatively  low. 

For  piezoelectric  1-3  composites  a  simple  parallel-series  model  developed  by 
Skinner,  et  al.^  predicts  that  the  d33  ;d^)  of  a  composite 
containing  a  very  compliant  matrix  is  equal  to  the  d^  of  PZT.  The  composite 

d31  ^d31^  ‘3  9‘ven  ky: 


31 


Kld 


31 


(3) 


where  v  is  the  volume  fraction  and  the  superscript  1  refers  to  the  PZT  phase.  The 
composite  hydrostatic  piezoelectric  coefficient-  (d,  )  can  then  be  expressed  as: 

n 


Vd 


31 


(4) 


Also,  the  composite  voltage  coefficient,  which  is  important  for  hydrophones,  is  given 
by: 


*h 


5h 


1  - 

v  k  e 

33  o 


(5) 


Therefore,  the  simple  model  predicts  large  increases  in  d^  and  gh  over  PZT 
as  the  amount  of  PZT  in  the  composite  is  decreased. 

However,  recent  experimental  work  ^»^»8)  has  shown  that  the  quantitative 
predictions  of  the  Skinner,  et  al.  scheme  are  not  realized  if  flexible  electrodes  are 
used  for  1-3  composites.  Several  explanations  have  been  proposed  to  account  for 

these  discrepancies.  These  include:  the  effective  matrix  region  of  influence 

/3) 

,  internal  stresses  arising  from  differences  in  the  Poisson's  strain  between 

'9)  '5} 

the  ceramic  and  polymer  '  ,  and  relic  processing  stresses  .  In  the 


case  of  glassy  thermoplastic  polymer  matrices,  annealing  the  composites  at 


4 


temperatures  near  the  glass  transition  temperature  (T^  of  the  matrix  was  found 

C5) 

to  improve  their  piezoelectric  response  .  This  is  presumably  due  to  relief 
of  some  of  the  residual  processing  stresses. 

All  1-J  composites  studied  to  date  have  used  amorphous  polymers  as  the  matrix 


phase.  Semi-crystalline  polymer  matrices  have  never  been  employed  in  these  types  of 


piezoelectric  composites.  Low  T  semi -crystalline  polymers  such  as 
polyethylene  and  the  Hytrel  poly(ester/ether)  block  copoiymers  have  mechanical 
properties  which  are  intermediate  between  glassy  and  elastomeric  materials.  Also,  it 
is  possible  to  conveniently  alter  the  degree  of  crystallinity  of  these  materials  by 
thermal  annealing  at  temperatures  approaching  the  melting  point  or,  in  the  case  of 
the  Hytrels,  by  varying  the  crystailizabie-segment  content.  This  allows  one  to 
investigate  the  effect  of  matrix  compliance  on  composite  performance.  This  paoer 
reports  same  af  our  initial  studies  on  1-3  PZT/semi-crystailine  polymer  composites. 

II.  Experimental 
A.  Composite  Fabrication 

The  PZT  rods  used  in  this  study  were  prepared  by"  a  technique  described 
previously  Ail  composites  contained  rods  which  were  12-mil  (305  >j  m)  in 

diameter  and  were  prepared  from  PZT  501A  powder  (obtained  from  Ultrasonic  3owders, 
Inc.).  The  sintered  PZT  fibers  were  aligned  in  racks  which  consisted  or  two  parallel 
plates  of  aluminum  foil  separated  by  ~2  cm.  Each  plate  had  an  array  of  perforations 


through  which  the  rods  were  inserted  so  as  to  be  held  in  place  during  oolymer 
processing. This  was  done  to  insure  the  proper  volume  fraction  (4%)  of  3ZT  for  ail 


composites. 


(a)  PZT/Polv(butylene  terohthalate)  Composites 

Poiy(butyiene  terephthaiate)  (PST)  is  a  3emi -crystalline  ooivmer  with  a  melting 

paint  (T  '  of->.  220°C  and  a  T  2"0°C.  Therefore,  39T  is  a  giassv 
m  * 

3emi-crystailine  material  and  oossesses  mechanical  prooerties  characteristic  of  rigid 
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polymers  (e.g.  Young's  modulus  (E)  .10  N/m  ).  P0T  is  polymerized  by 
condensation  methods  and  has  a  relatively  low  molecular  weight  (ca.  20,000-30,000 
gm/moie).  Its  melt  viscosity  is  therefore  also  comparatively  low,  making  small  scale 
melt  composite  processing  feasible  without  the  use  of  high  pressures. 

PZT/PBT  composites  were  prepared  by  placing  filled  racks  of  PZT  rods  and  dried 
P0T  pellets  (obtained  from  Scientific  Polymer  Products,  Inc.)  into  glass  molds  which 
were  then  purged  with  nitrogen  and  immersed  in  a  250°C  oil  bath  until  the 
pellets  melted  and  no  voids  were  present  in  the  melt.  The  system  was  allowed  to  cool 
to  room  temperature  over  a  5  hour  period. 

(b)  PZT/Nylon  11  Composites 

Like  PBT,  nylon  11  is  a  glassy,  semi-crystalline  polymer  (T  2 

m 

185  C,Tg-  45  C,  E  -10  N/m  )  an^  has  a  relatively  low  melt 
viscosity.  However,  in  order  to  avoid  the  problem  of  polymer  degradation  at  high 
temperatures,  we  decided  to  prepare  these  comoposites  by  insitu  polymerization  of  the 
monomer. 

Racks  of  PZT  in  glass  molds  were  surrounded  by  11-aminoundecanoic  acid  (T  2 

m 

190°C)  and  the  molds  (under  a  continuous  nitrogen  purge)  were  placed  in  a 
220°C  silicone  oil  bath.  Water  vapor  which  formed  during  the  polymerization  was 
forced  through  an  exit  tube  by  the  gas  pressure.  The  polymerization  was  terminated 
by  cooling  for  one  hour  after  water  formation  ceased. 

(c)  PZT/Hytrel  Composites 

The  Hytrels  (E.  I.  duPont  de  Nemours  and  Co.,  Inc.)  are  a  series  of 
thermoplastic  elastomers  composed  of  polyester  ’’hard"  segments  which  are 
crystallizable  and  non-crystallizable,  low  T^  poiyether  "soft"  segments.  By 
varying  the  concentration  of  polyester  units,  the  degree  of  crystallinity  and,  hence, 

the  modulus  of  the  resultant  copolymer  can  be  adjusted.  Some  characteristics  of  the 

■'101 

three  Hytrels  used  in  this  study  are  shown  in  Table  1.  Note  that  ail  the 


r 

3 

Hytrels  nave  moduli  which  are  significantly  lower  than  both  P0 T  and  nylon  11. 

Composites  were  prepared  in  the  same  manner  as  the  PZ~'P3T  materials  except  that 
the  oil  &ath  was  heated  to  220°C  and  cooling  to  room  temoerature  was  done  aver  a 
43  hour  period. 


After  solid  composites  were  fabricated,  the  molds  were  broken  and  the  composites 
were  sectioned  perpendicular  to  the  rod  axis  using  an  electric  diamond  saw  or  a 
hacksaw.  The  as-cut  slugs  were  then  sanded  with  60  grit  garnet  paper  followed  by 
polishing  using  200  grit  garnet  paper.  Ail  composites  were  tarn  thick  in  the  fiber 
direction. 

Air-dry  silver  electrodes  were  applied  to  the  two  faces  perpendicular  to  the 
rods  and  the  composites  were  poled  at  75aC  in  an  oil  bath  with  a  field  of 
22kv/cm  for  5  min.  After  the  composites  were  remaned  vam  the  bath,  they  were 
allowed  to  cool  in  air  under  a  field  of  7.5  kV/cm  for  10  minutes  to  prevent  decoiirg 
during  cooling.  The  poled  composites  were  aged  for  at  least  24  hours  prior  to 
piezoelectric  and  dielectric  measurements. 

9.  Measurement  of  Oieiectric  and  Piezoelectric  Properties 

Oieiectric  measurements  were  performed  with  a  Hewlett  Packard  4270A  Automatic 
Capacitance  Bridge  at  1kHz  and  1  volt,  d^  was  measured  using  a  Serlincourt 
Piezo  d^-Meter  with  rounded  rams.  The  ratio  of  the  diameter  of  the  rams  to  the 
center-to-center  distance  of  the  3ZT  rods  was  3.74.  The  d^  was  taken  as  the 
average  of  20  random  measurements  (10  on  eacn  electroded  surface  of  the  oomcosite)  at 

a  ram  oressure  of  approximately  35  osi.  The  hydrostatic  piezoelectric  coefficients 

-  'in 

,.d<ri  and  g^)  were  measured  by  a  dynamic  metnod.  me  aooaratus 

consisted  of  an  oii-filled  chamber  in  wnicn  the  samcles  and  a  =Z T  stancard  of  <nown 
o.  and  g.  were  .mmersec.  The  pressure  -sice  the  vessel  was  i-aisec  :c  13G 

*1  n 
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psi  and  alternating  sinusoidal  pressure  cycles  (amplitude  =  0.1  psi)  were  imposed 
using  an  AC  stress  generator  driven  by  a  function  generator  adjusted  to  the  proper 
frequency.  The  sample  (or  standard)  voltage  was  recorded  on  an  oscilloscope  display. 
III.  Results  and  Discussion 

Comparison  of  composite  dielectric  and  piezoelectric  properties  with 

conventional  single  phase  materials  can  be  found  in  Table  2.  As  expected,  the 

composite  dielectric  constants  are  low  compared  to  that  of  PZT  but,  except  for  the 

PZT/Hytrel  4056  composite,  values  are  greater  than  that  predicted  by  the 

rule  of  mixtures  (theoretical  =  64).  Since  applied  compressive  stress  is 

(12) 

known  to  increase  the  dielectric  constant  of  PZT  ,  radial  compression 
between  the  rods  and  the  matrix  may  be  responsible  for  these  results 
Radial  stresses  may  have  originated  from  thermal  expansion  mismatches,  mechanical 
processing  conditions,  or  polymer  crystallization  shrinkage. 

For  a  more  compliant  polymer,  stress  transfer  from  the  matrix  to  the  PZT  rods 
should  be  more  efficient  than  far  a  stiffer  matrix.  Thus,  d^  would  be  expected 
to  increase  as  matrix  compliance  increases  and  this  is  seen  to  be  the  general  trend 
for  the  polymers  examined  in  this  study  with  the  PZT/Hytrel  4056  and  PZT/Hytrel  1000 
composites  exhibiting  d^'s  which  are  larger  than  some  of  the  higher  modulus 
composites. 

A  somewhat  surprising  result  is  that  d^  increases  as  polymer  modulus 
increases.  Since  d^j  increases  as  the  matrix  stiffness  decreases,  'd^|  must 
increase  accordingly.  In  general,  as  the  compliance  of  a  polymer  increases,  its 
Poisson's  ratio  (v)  increases  and  the  enhancement  of  jd^j  is  thought  to  arise 

from  stresses  due  to  differences  in  Poisson's  contraction  between  the  phases 

'9) 

.  Although  one  cannot  alter  the  characteristic  modulus  and  u  independently 
in  solid  polymers,  one  can  lower  both  simultaneously  through  matrix  foaming.  Such 
compliant,  foamed  composites  would  be  expected  to  have  outstanding  hydrostatic 

figures  of  merit.  This  has,  in  fact,  been  shown  to  be  the  case  by  Klicker,  et  al. 

'13) 

for  PZT/foamed  polyurethane  composites  ' 
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The  hydrostatic  piezoelectric  coefficients  '<±Y'  'or  the  PST,  nylon  11  and 

Hytrel  995  composites  are  smaller  than  those  of  PZT  out  similar  to  those  coserved 

■'5  111  " 

previously  for  1-3  composites  with  rigid  matrices  ’  .d^  for  the  Hytrel 

4G56  and  1000  composites  are  comparable  to  that  of  PVCF  but  considerably  smaller  than 

the  other  composites  presumably  due  to  Poisson's  ratio  stresses.  The  voltage 

coefficients  of  all  composites  are  greater  than  that  of  PZT  because  the 

permittivities  of  the  composites  are  much  lower  than  the  values  for  PZT  alone. 

gh  for  the  composites  with  relatively  stiff  matrices  (PST,  nylon  11  and  Hytrel 

995)  are  about  an  order  of  magnitude  larger  than  =  ZT  out,  because  of  their  low 

d^,  the  Hytrel  4056  and  1000  composites  exhibit  significantly  lower  values. 

This  results  in  g^d^  for  the  composites  with  stiff  matrices  being  about 

five  times  larger  than  that  of  PZT  and  comparable  to  that  of  PVCF  wnile  the  figures 

of  merit  of  the  mare  compliant  matrix  composites  are  somewhat  less  than  PZT. 

Finally,  no  frequency  dependence  of  d^  was  observed  for  any  composite  from  30 
to  160  Hz  (Figure  1). 

IV.  Conclusions 

The  piezoelectric  figures  of  merit  for  composites  with  stiff  polymer  matrices 

are  about  five  times  larger  than  PZT  and  comparable  to  PVCF.  The  primary  reason  for 

the  enhancement  of  d,  g.  over  PZT  is  that  the  comoosites  have  much  lower 

rrn 

<22  values  than  PZT.  An  unexpected  result  was  the  decrease  in  d^  as  matrix 
modulus  decreased.  Since  d^  was  found  to  increase  as  the  matrix  modulus 
decreases,  !d^  !  must  be  increasing  as  the  polymer  stiffness  decreases.  The 


enhanced  component  of  d^  presumaoly  results  from  differences  in  =cisson'3 
contraction  between  the  phases  and  ultimately  results  in  rvstiveiy  low  figures  of 
merit  for  composites  with  compliant  polymer  matrices. 
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T 

"s 

CO 
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L  Introduction 
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Piezoelectric  camoosites  have  been  the  center  of  much  recent  study  " 
because  of  their  possible  advantages  over  3ingie  phase  piezoelectrics  (e.g., 

poiy(vinylidene  fluorideXPVCF)  and  lead  zirconate-titanate  PZT))  for  hydroonone 

(2) 

applications.  The  phase  connectivity  .s  a  particularly  important  parameter 
which  ultimately  determines  the  properties  of  a  composite  solid,  "or  piezoelectric 
composites  made  from  PZT  and  polymers  designs  wnich  allow  the  ceramic  to  be  poiea  to 
saturation  produce  relatively  large  piezoelectric  coefficients  even  for  low  PZT 
concentrations. 

One  such  motif  studied  by  Klicker  et  ai.  ^  consisted  of  slender  SZT  rods 
aligned  perpendicular  to  the  electrode  surface  and  surrounded  by  a  thermosetting 

polymer  (epoxy).  These  diphasic  materials  are  designated  1-3  composites  in  the 

(2) 

notation  adopted  by  Newnham,  et  a 1.  The  numbers  refer  to  the  total 

orthogonal  directions  in  which  each  phase  is  continuous  throughout  the  object.  In 
this  case  the  active  phase  (PZT)  extends  continuously  in  one  direction,  wnile  the 
polymer  matrix  spans  the  composite  in  all  three  orthogonal  directions,  flicker  et 
al.'s  PZT/epoxy  composites  have  hydrostatic  "figures  of  merit"  aoout  an  order  of 
•magnitude  larger  than  homogeneous  PZT."^  In  addition,  these  materials  have  low 
densities  <1. 3g/ca\  which  provide  for  better  acoustic  coupling  to  water  than  3ZT 
(o  *  7.3  g/ca^),  and  are  flexible  relative  to  PZT  ceramics. 

Even  though  the  major  improvements  in  properties  for  these  composites  over  PZT 
ceramics  can  be  traced  to  the  polymeric  phase,  few  polymer  systems  have  been  studied 
as  possible  matrix  materials.  Furthermore,  only  thermosetting  ooiymers  (e.g., 
eooxies  and  polyurethanes)  have  been  smoioyed  oreviously  in  1-3  comoositss.  Because 

the  mechanical  and  ohysicai  properties  of  ooiymers  can  vary  widely,  and  because 

(4) 

theory  3uggest3  that  matrix  mechanical  orcoerties  snould  strongly  afreet 
comoosits  piezoelectric  resoonse,  we  have  'abricated  comocsites  with  a  variety  of 

thermcolastic  ooiymers.  "his  oaoer  describes  our  initial  studies  on  ooiystyrsne 
P5)/DZT  and  potytmethyi  meehacryiats;  ;pMMA(/PZ"  --3  composites. 


II.  .  Background- Theory 

Piezoelectric  materials  experience  a  polarization  IP)  due  to  an  applied 
stress  (g).  The  piezoelectric  coefficient  Id)  is  a  measure  of  the  polarization 
produced  per  unit  stress.  Under  hydrostatic  conditions,  the  piezoelectric 
coefficient  is  given  by: 

dh  a  <*33  *2d31  (1) 

where  the  subscripts  are  the  reduced  notation  for  designated  directions  in  an 

orthogonal  axis  system.  The  d^  ant ^  coefficients  refer  to 

polarizations  which  develop  along  the  poling  axis  li.e.,  the  3  direction)  due  to 

applied  stresses  parallel  and  transverse  to  the  poling  direction,  respectively.  ror 

PZT,  d^  ie  opposite  in  sign  to  and  approximately  one-half  of  d^.; 

therefore,  d^  is  small.  The  hydrostatic  voltage  coefficient  {g.  )  is 

related  to  d^  by: 


where  £  is  the  dielectric  permitti vity.  Since  is  !ow  and  the 
permittivity  is  high  for  PZT,  the  voltage  coefficient,  which  is  important  for 
hydrophone  applications,  is  very  low.  For  a  hydrostatic  transducer  material  the 
d^gh  product  is  considered  to  be  an  all-encompassing  "figure  of  merit". 

A  simple  theory  to  describe  the  piezoelectric  coefficients  of  composites  with 
1-3  connectivity  has  been  described  by  Skinner,  et  ai.  ^  The  theoretical 
piezoelectric  and  dielectric  coefficients  are  given  by: 

\  J33  v  a33  "33 
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where  v  and  J  ara  the  volume  fraction  and  elastic  compliance,  respectively.  The 
superscripts  refer  to  phase  1  (PZT)  or  phase  2  (polymer),  and  the  bar  represents  the 
average  composite  coefficient. 


3 


Equations  3  through  5  can  be  reduced  by  considering  that  most  polymers  are 
non-piezoelectric  (  ■  0),  and  possess  relatively  low  dielectric 

permittivities  ^3  )•  Therefore,  equations  3-5  become: 

2  . 
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Since  most  polymers  are  much  more  compliant  than  PZT  (i.a.  r **-7^-3 >:> ^*-33  5Puation  6 
further  reduces  to: 


d33  *  d33 


(9) 


In  this  case,  all  of  the  force  in  the  fiber  direction  is  borne  by  the  ceramic  rod 

1  2 

elements.  However,  if  v  <<  v  ,  this  approximation  to  equation  6  is  invalid. 

3y  combining  equations  1,6,  and  7,  the  hydrostatic  piezoelectric  coefficient  is 
obtained: 
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Figure  1  3hows  now  varies  as  a  function  of  v  according  to  equations  2.3  and 

10  for  several  values  of  matrix  compliance.  For  low  concentrations  of  3ZT,d  2-3 

oh 

predicted  to  vary  significantly  as  the  matrix  comoiiance  c.nanges. 

Several  modifications  to  Skinner,  et.  ai.'s  model  nave  been  suggested 

,a>.  flicker  01  'as  snown  that  a,,  ,s  net  "ecessariiv  eauai  :o  *.ne  a.. 
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of  PZT,  but  is  a  function  of  PZT  rod  diameter  and  volume  fraction,  comoosite 
thickness,  and.  matrix  compliance.  Additionally,  the  internal  forces  arising  from  a 

difference  in  constriction  between  the  phases  through  Poisson's  ratio  produce  an 

*  (5) 

enhancement  of  |  d^uver  that  predicted  by  equations  4  or  7'  .  These 

considerations  lead  to  the  conclusion  that  d  predictions  based  on  the  Skinner  et  ai. 

a 

approach  are  overestimates  for  1-3  PZT/poiymer  composites. 

Another  important  internal  stress  is  that  which  is  due  to  a  mismatch  in  thermal 
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expansion  (or  contraction)  between  the  constituent  phases  v  ’  .  Polymers  have 
coefficients  of  thermal  expansion  which  are  at  least  an  order  of  magnitude  larger 
than  PZT  ceramics.  Therefore,  large  compressive  stresses  can  develop  at  the 
interface  of  the  resin  and  the  PZT  rods.  These  stresses  may  alter  the  piezoelectric 
and  dielectric  response  of  composite  piezoelectrics.  Furthermore,  stresses  related 
to  curing  or  polymerization  may  also  be  of  consequence, 
m.  Experimental 

The  preparation  of  the  PZT  rods  used  in  this  study  has  been  described  elsewhere 
All  rods  were  12-mil  (3C5um)  in  diameter  and  were  prepared  from  PZT 
5Q1A  (Ultrasonic  3owders,  Inc.  South  Plainfield,  NZ).  The  sintered  rods  were 
aligned  in  racks  which  consisted  of  two  parallel  plates  of  aluminum  foil  3eoarated  by 
'-2cm.  Each  plate  had  an  array  of  perforations  through  which  the  rods  were  inserted  to 
be  held  in  place  during  polymerization  of  the  matrix  in  order  to  insure  the  orcper 
volume  fraction  (4%)  of  PZT  ‘or  all  composites. 

In-situ  polymerization  of  liquid  monomers  was  the  most  convenient  methoa  to 
prepare  composites  because  of  the  fragile  nature  of  the  PZT  rocs.  The  .iouid 
monomers  (styrene  and  methyl  methacrylate)  were  purified  bv  vacuum  pistiiiation  crier 
to  use.  Polymerization  was  initiated  by  3.5  weignt  oercent  oenzcvi  peroxide. 

3reoolymer  3yruos  (polymer  in  monomer)  were  prepared  bv  "eating  the  mcnamer-mitiator 
systems  at  3Q3C  ‘or  15  minutes  and  then  pooling  the  mixture  to  room 
temoerature.  3v  using  a  oreoolymer,  the  resulting  oorrcosites  were  ‘cure  to  oe 
essentially  void  ‘ree. 


Composites  were  then  fabricated  by  piacing  filled  racks  of  PZT  rods  into  glass 

molds  and  pouring  a  given  prepciymer  into  the  mold  until  the  rods  were  suomerged  in 

the  liquid  and  covered  over  by  -1cm.  The  molds  were  then  placed  in  an  oven 

maintained  at  50°C  until  the  polymer  solidified.  Additional  heating  to 

9Q°C  for  one  hour  completed  the  polymerizations.  After  the  moias  were  removed 

from  the  oven  and  allowed  to  cool,  the  glass  mold  was  broken  and  the  composites  were 

sectioned  perpendicular  to  the  rod  axis  using  an  electric  diamond  saw  or  a  hacxsaw. 

The  as-cut  slugs  were  then  sanded  with  60  grit  garnet  paper  followed  by  polishing 

using  200  grit  garnet  paper.  All  composites  were  4mm  thick  in  the  fiber  direction. 

The  glass  transition  temperatures  (T  )  of  the  matrices  were  determined  with  a 

9 

Perkin  aimer  DSC  2  equipped  with  a  Thermal  Analysis  Data  Station.  The  T  of 

Q 

both  the  PS  and  PMMA  was  found  to  be  approximately  100°C. 

Air -dry  silver  electrodes  were  applied  to  the  two  faces  perpendicular  to  the 
rods  and  the  composites  were  poled  at  75°C  in  an  oil  bath  with  a  field  of 
22k V/cm  for  5  min.  After  the  composites  were  removed  from  the  bath,  they  were 
allowed  to  cool  in  air  under  a  field  of  7.5  kV/cm  for  10  minutes  to  prevent  de-poiing 
during  cooling.  The  poled  composites  were  aged  for  at  least  24  hours  prior  to 
piezoelectric  and  dielectric  measurements. 

Oielectric  measurements  were  performed  with  a  Hewlett  Packard  4270A  Automatic 
Capacitance  3ridge  at  1kHz  and  1  volt,  measured  using  a  3erlincourt  =iezo 

d^-vieter  with  rounded  rams.  The  ratio  of  the  diameter  of  the  rams  to  the 
center-to-csnter  distance  of  the  PZT  rods  was  0.74.  The  d^  was  taken  as  the 
average  of  20  random  measurements  (10  on  each  eiectroded  surface  of  the  composite)  at 
a  ram  pressure  of  approximately  55  psi.  The  hydrostatic  piezoelectric  coefficients 
(d^  and  g^)  were  measured  by  a  dynamic  v  method.  The  apparatus 
consisted  of  an  oil-filled  chamber  in  which  the  samples  and  a  3ZT  standard  of  <nown 
d^  and  g^  were  immersed.  The  pressure  inside  the  vessel  was  *aised  to  130 


csi  and  alternating  sinusoidal  pressure  cycles  iamplitude  1  Q.i  psi)  were  imcosed 
using  an  stress  generaccr  or:  /en  bv  a  'unction  generator  adjusted  to  the  prcoer 
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frequency.  The  sample  Cor  standard)  voltage  was  recorded  on  an  oscilloscope  display. 

After  the  composites  were  tested,  they  were  annealed  at  95°C  for  15  hours 

under  vacuum  followed  by  slow  cooling  to  room  temperature.  The  annealed  composites 

were  repoled  in  order  to  ensure  saturation  poling  of  the  PZT  rods  and  then  retested 

as  described  above. 

IV.  Results  and  Discussion 

The  dielectric  and  piezoelectric  properties  of  the  PZT/PS  and  PZT/PMMA 
composites  are  summarized  in  Table  1.  As  expected,  the  composite  dielectric 
constants!  X^  )  were  considerably  less  than  that  of  PZT  (X^!i500).  The  value  oT  ^33 
predicted  by  the  simple  parallel  model  for  a  4%  PZT/poiymer,  1-3  composite  is  54. 

The  PZT/PS  composites  approached  the  theoretical  value;  however,  the  PZT/PMMA 
materials  far  exceeded  the  prediction.  One  passible  explanation  for  this  discrepancy 
may  involve  cracking  or  crazing  of  the  PS  matrix.  Examination  of  unanneaied  PZT/PS 
composites  under  a  light  microscope-  revealed  crazes  lor  cracks)  emanating  radially 
away  from  each  rod  into  the  PS  martrix  at  the  electrode  surface.  Mo  such  cracks  were 
observed  in  PZT/PMMA  samples.  Since  applied  compressive  stress  is  known  to  increase 
the  dielectric  constant  of  PZT  ^^one  would  expect  X  ^  of  the  PZT/PS 
composites  to  be  less  than  X  ^  of  the  PZT/PMMA  materials  if  the  cracks  acted  to 
relieve  interfacial  compressive  stresses. 

The  presence  of  internal  stresses  in  these  composites  is  further  supported  by 
the  decrease  in  the  dielectric  constant  after  they  were  annealed.  If  the  annealing 
process  acts  to  relieve  some  radial  compression  between  the  rods  and  the  matrix,  then 
the  dielectric  constant  would  be  expected  to  be  lower  than  the  X  ^3  before 
annealing.  Presumably,  the  radial  stresses  resulted  from  thermal  exoansicn 
mismatches,  mechanical  processing  (cutting  and  polishing),  or  polymerization 


shrinkage. 


The  simple  Skinner,  et  ai.  model  predicts  that  the  *or  composites  with 
matrices  0/  the  3ame  stiffness  should  be  the  3ame.  Since  PS  and  3MMA  nave  rougnly 
the  same  elastic  modulus  T-3xIQ  M/a  )  it  is  not  surprising  that4^  's  similar 
for  both  composite  materials.  However,  the  predicted  d  ^  values  are  three  times 
greater  than  those  observed.  Clearly,  transfer  of  applied  stress  from  matrix  to  rods 
is  more  complex  than  allowed  for  by  the  simple  parallel  model.  If  the  effective 
matrix  region  of  influence  on  the  rods  is  less  than  the  total  matrix  area,  then  the 
amount  of  stress  experienced  by  the  rods  would  be  less  than  predicted  by  the  Skinner, 
et  al.  model  This  would  act  to  decrease  d  ^  relative  to  the 

predicted  value. 

The  standard  deviations  of  d  ^  cities  obtained  from  a  a  ^-metar 
using  rounded  probes  gives  an  indication  of  the  relative  piezoelectric  homogeneity  of 
the  composites.  For  the  composites  tested  here  the  standard  deviations  of  the 
measurements  were  similar.  Again,  considering  that  the  matrices  used  in  this 
work  have  similar  mechanical  properties,  this  result  is  not  unexpected. 

The  hydrostatic  piezoelectric  coefficients  (d^)  reported  in  Taole  1  are 
smaller  than  those  of  PZT  but  similar  to  that  observed  by  Lynn''  for  the 
PZT/epoxy  system.  The  voltage  coefficients  are  roughly  an  order  of  magnitude  larger 
than  PZT  because  the  permittivities  of  the  composites  are  much  lower  than  the  values 
for  PZT  alone.  This  results  ind^g^  being  significantly  larger  than  that  of  PZT  and 
comparable  to  that  of  PVOF.  Also,  no  frequency  dependence  of  d>n  was  observed 
from  30  to  160  Hz  (Figure  2).  Annealing  was  found  to  improve  the  piezoelectric 
coefficients  'especially;  ^  due  to  a  significant  decrease  in  X 

Composite  densities  are  roughly  i.ig/cm^  (calculated),  wnich  Is 
considerably  lower  than  the  T.3g/cm^  of  =ZT.  _cw  density  materials  orovice 
better  acoustic  couoiing  to  an  aqueous  environment  than  ones  of  ngn  tensity. 

Therefore,  these  types  of  comoosites  may  be  useful  3s  shallow-water  -vCrocrcres  or 
‘or  meaical  ultrasound  30ciicac;cns. 

L 
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IV.  Conclusions 

Composites  of  uniaxiaily  oriented,  continuous  P ZT  rods  embedded  in  polystyrene 
or  poly(methyl  methacrylate)  matrices  possess  hydrostatic  piezoelectric  coefficients 
somewhat  lower  than  that  of  homogeneous  PZT.  However,  hydrostatic  voltage 
coefficients  for  these  materials  are  approximately  an  order  of  magnitude  larger  than 
the  ceramic  element.  Enhancement  of  is  primarily  due  to  the  reduction  ofK  ^ 
over  PZT.  Further  enhancement  of  the  piezoelectric  response  can  be  accomplished  by 
annealing  which  further  reduces  ^  ^3 *  The  values  and  the  standard 
deviation  of  the  d  ^  measurements  are  similar  for  both  types  of  composites. 

Predictions  of  the  composite  piezoelectric  coefficients  based  on  the  Skinner,  et.  ai. 
model  are  qualitatively  correct  but  quantitatively  overestimated. 
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Figure  Captions 

Figure  1.  Theoretical  plot  of  log  (d^g^)  33  3  function  of 
volume  fraction  of  PZT^v).  Curve  I  corresponds  to 
*  lO'V/N;  for  curve  H,  2J33,IQ-V/N? 

and  for  curve  31,  The  Stolen 

line  rnpreaonts  the  d^g^  for  homogeneous  PZT. 

Figure  2.  Piezoelectric  response  of  PZT/PS  and  3ZT/PMMA  comoosites  as 
a  function  of  frepuency. 

(a)  Unanneaied. 

(b)  Annealed. 


Table  1 


Pia2aelactric  Properties  of  1-3  Composites  and  Single  Phase  Materials. 
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Errors  are  -  one  standard  deviation. 
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RESONANT  MODES  OF  VIBRATION  IN  PIEZOELECTRIC  PZT-POLYMER 
MPOSITES  WITH  TWO  DIMENSIONAL  PERIODICITY 


T.R.  GURURAJ A .  W.A.  SCHULZE  AND  L.E.  CROSS 

Materials  Research  Laboratory,  The  Pennsylvania  State 
University,  University  Park,  PA  16802 

B.A.  AULD,  Y. A.  SHUI  AND  Y.  WANG 

Department  of  Applied  Physics,  Stanford  Uiversity,  Stanfozd, 
CA  94305 

Abstract-High  frequency  resonance  characteristics  of 
piezoelectric  PZT  rod-polymer  composites  with  1-3 
connectivity  have  been  investigated.  Electrical  admittance 
plots  and  laser  probe  dilatometry  of  the  dynamic  displacement 
on  the  composite  as  a  function  of  frequency  are  used  to 
interpret  the  vibration  pattern  of  resonant  modes. 


Piezoelectric  PZT-polymer  composites  of  different 
connectivity  pattern  have  been  investigated  to  evaluate  their 
adaptability  as  ultrasonic  transducers  for  medical  applications  in 
the  low  megahertz  frequency  range1.  Among  all  the  different 
composites,  those  with  PZT-501A  fibers  embedded  in  Spurrs  epoxy 
(Polysciences,  Warrington,  PA)  matrix  with  regular  periodicity  (1- 
3  connectivity)  appeared  to  be  very  promising  for  this 
application.  The  present  paper  is  a  brief  report  on  the  high 
frequency  dynamic  behavior  of  these  composites  in  resonant 
configuration  aimed  at  understanding  their  physics  and  possibly 
extending  their  usefulness  in  devices  other  than  hydrophones. 

Samples  for  the  present  study  consisted  of  fired  PZT-501A 
fibers  (diameter  ■  0.45  mm)  arranged  in  square  lattice  and 
impregnated  in  Spurrs  epoxy  matrix.  Disc  shaped  composites 
(diameter  »  1.9  c ms)  with  5,  10,  20,  and  30  volume  percent  PZT 
were  cut  and  ground  to  proper  thickness  and  poled  at  20  kV/cm. 

THEORY 

Resonance  modes  which  can  be  expected  in  a  cyl indr ical  ly 
shaped  composite  are:  fundamental  radial  and  thickness  modes  and 
their  overtones,  and  possible  resonant  lateral  modes  due  to  the 
regular  periodicity  of  the  PZT  fibers  in  the  composite. 

Radial  mode  resonance  is  mainly  determined  by  the  effective 
modulus  Gf  normal  to  the  fiber  axis  and  the  average  denisty  of  the 
composite.  The  effective  modulus  Cj  was  calculated  by  the  Reuss 
constant  stress  model1.  Similarly  the  thickness  mode  resonance 
is  defined  by  the  effective  modulus  along  the  fiber  axis  and 
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the  denisty  of  tie  composite.  The  effective  modulus 

was  estimated  by  the  Voigt  constant  strain  nodal”.  For  the 
effective  aodnlns  calculations,  elastic  stiffness  of  tlia  fibeg 
perpendicular  to  the  length,  was  chosan  to  be  •  12.1  z  10A 

N/ a?  and  along  the  fiber  axis  Young's  aodnlns  E  “  I/S33  ■  10.5  z 
IQ-5,0  N/a2  was  chosen.  For  the  epoxy,  the  aodnlns  was  deterained  to 
be  4.7  x  1010  N/a2. 

At  wavelengths  comparable  to  the  unit  cell  diaensions  of  the 
array,  the  analysis  is  aora  complicated.  A  3rillonin  theory  of 
elastic  wave  propagation  in  a  two  dimensionally  periodic  lattice 
corresponding  to  coaposites  with  1—3  connectivity  has  bean 
developed.  For  laterally  propagating  shear  waves  with 
polarization  along  the  fibers,  the  lowest  stop  band  frequencies 
have  been  calculated. 


ETPraTMFNTAL  EVALUATION  OF  RESONANCE  MODES 

Absolute  value  of  electrical  admittance  was  measured  on 
samples  as  a  function  of  frequency  in  the  ambients  of  air  and 
water  using  a  spectrum  analyzer  (HP-3585A).  Hera  samples  of 
different  thichness  and  volume  fraction  were  examined  to  identify 
the  different  resonances  observed  in  the  0-2  MHz  frequency  range. 
The  three  major  resonances  of  interest  are  designated  as  fi*  fti: 
and  ft2  as  categorized  in  Table  1.  To  analyze  the  nature  of 
vibration  at  these  frequencies,  detailed  laser  probe  measurement 
of  actual  mechanical  displacement  on  the  composite  was  performed 
by  laser  heterodyne  technique4.  Frequency  scans  of  the  ultrasonic 
displacement  at  several  points  on  the  composite  were  combined  with 
automated  position  scans  across  the  diameter  of  the  composite  at 
frequencies  f^,  fti  and  f  t2  to  study  the  vibration  pattern. 

The  resonance  frequency  f^  was  inversely  proportional  to 
thickness  of  the  sample.  The  vibration  on  PZT  fiber  was  in  phase 
with  that  of  the  epoxy.  For  samples  resonating  at  low  frequencies 
(-300  Oz),  the  amplitude  on  the  rod  was  only  a  little  bit  smaller 
than  that  on  the  epoxy.  The  resonance  was  heavily  damped  when  the 


Table  1.  Resonant  Modes  in  PZT  Rod-Polymer  Composites. 
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RES0NA1IT  MODES  OF  VT3GATI0H  IN  PIEZOELECTRIC  PZT-POLYI1EH  COMPOSITES 
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Figure  1.  Phase  velocities  for 
PZT-f iber-polyer 
composites. 


d 


Figure  2.  Unit  cells  in 
the  composite. 


resonator  was  immersed  in  water.  Such  a  behavior  suggests  that 
this  is  the  longitudinal  thickness  mode.  Longitudinal  velocities 
of  sound  along  the  fiber  axis  calculated  using  the  resonance 
frequency  agree  very  well  with  the  theoretically  estimated  values 
for  the  composites  of  different  volume  fraction  (Figure  1). 

Resonances  at  f^  and  f^  «*•  quite  similar  in  nature.  For  a 
certain  volume  fraction  the  resonances  always  occ.t  at  specified 
frequencies  immaterial  of  the  thickness.  This  observation 
indicates  that  the  two  resonances  are  due  to  transverse 
periodicity  in  the  lattice. 

The  vibration  pattern  at  f£^  can  be  explained  by  referring 
to  Figure  2  which  has  four  unit  cells.  At  this  frequency  all  the 
rods  vibrate  in  phase.  The  vibration  amplitude  A  at  points  a,  b, 
and  c  in  Figure  2  follows  the  relation  Aft  ~  A^  >>  AQ.  The  phase 
difference  between  points  a  and  b  was  found  to  be  130°.  The 
observed  behavior  can  be  explained  by  the  superposition  of  two 
standing  shear  wave  patterns  of  wavelength  equal  to  the  lattice 
periodicity  (d)  existing  along  both  x  and  y  axes.  This  resonance 
corresponds  to  one  of  the  stop  bands  predicted  by  the  theory. 
Velocity  of  transverse  shear  waves,  V  ■  df.,,  is  tabulated  in 
Table  1. 

At  frequency  ft2*  amplitude  A  at  points  a,  b,  and  c 

follows  the  relation  A,  >  A.  >  A  .  Points  a  and  b  vibrate  in 

q  c  3 

phase  and  there  is  130*  phase  difference  between  the  vibrations  at 
points  b  and  c.  Superposition  of  standing  shear  waves  along  the 
two  diagonals  explain  the  observed  vibration  pattern.  This 
lateral  shear  resonance  along  the  diagonal  fits  a  predicted  stop 
band.  Again  the  transverse  shear  velocity  is  calculated  by  the 
equation  V$  -  df^/^2.  The  calculated  shear  velocity  is  abont  25% 
lower  than  the  measured  velocity  in  epoxy  by  the  transmission 
technique  (1050-1100  m/sec).  This  is  quite  possibly  due  to  the 
mass  loading  by  PZT  fibers. 

The  thickness  coupling  coefficient  k{  and  Q  of  the  composites 
are  given  in  Table  2.  The  data  is  mainly  divided  into  two  groups. 
Thin  samples  with  thickness  around  0.6  mm  resonating  around  2.25 
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MHz  tad  thick  samples  with  Table  2.  Thickness  Moda 

thickness  above  2  aa  with  _ Rt  toatac  a  , _ 

rnontac#  frequency  troaad  500  T,iwt  m.*....  i  »t  a 

IHz.  Ia  thia  staples,  the  m “ _ 

nsoatacs  frequency  is  aach  nu  5?.i  s.i 

higher  thta  thtt  of  the  strong  5  „„  , 

lttastl  modes.  Therefore,  the  - 

PZT  fibers  eta  be  pictured  ts  rkkM  **•*  T-® 

*o 

vibrating  independently  resulting  nut  <e.a  u.7 

ia  k,  close  to  that  of  PZT.  The  - - 

.  X  .  .  _  .  TXi«  ««.»  *.» 

low  <2  indictees  thtt  the  PZT  rods  30 

tre  partially  dtaped  by  the  ai,t  33*1  1 1. 1 

surrounding  polyaer.  For  thick  Tht«  —  — 

coaposites.  the  resonance  is  38  „.a 

close  to  the  lateral  nodes  and  — - - 

the  vibration  of  PZT  fibers  is  laterally  coupled  through  the  epoxy 
as  evidenced  by  the  unifora  aechanical  displaceaent  across  the 
sample  and  is  indicated  by  low  k(.  The  high  Q  for  thick 
coaposites  is  a  result  of  very  low  attenuation  losses  in  the  epoxy 
at  around  0.5  MHz. 

The  radial  aode  coupling  coefficient  k  was  22%  for  5%  PZT 
coaposites  and  increased  to  27%  for  30%  PZT  composites.  The 
transverse  longitudinal  velocity  7-p  calculated  using  the  resonance 
frequency  and  the  diameter  of  the  composite  is  compared  with  the 
theory  in  Figure  1.  The  large  discrepancy  between  the  calculated 
and  measured  velocities  of  transverse  longitudinal  wave  is 
probably  due  to  the  finite  diameter  of  the  PZT  fibers.  Elastic 
stiffening  by  the  PZT  fibers  is  provided  only  at  discrete  points 
in  the  composite,  and  the  approximations  in  the  Reuse  model  are 
therefore  not  completely  valid. 


SUMMART 

PZT  rod— polymer  composites  with  1-3  connectivity  have,  ia 
addition  to  thickness  and  radial  modes,  complex  lateral 
vibrational  modes  due  to  the  periodicity  of  the  lattice.  The 
correspondence  between  the  theory  and  experiment  for  the  lateral 
modes  is  remarkably  close.  The  thickness  aode  resonance  in 
relatively  thick  composites  follows  the  Voigt  constant  strain 
mode* . 
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THE  INCORPORATION  OF  RIGID  COMPOSITES  INTO  A  CONFORMAL 
HYDROPHONE 
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Abstract  During  the  past  five  years,  numerous  composite  con¬ 
figurations  have  been  analysed  for  hydrostatic  transducer 
application.  Although  some  of  these  composite  configurations 
have  been  flexible,  a  configuration  with  good  sensitivity  and 
mechanical  durability  has  not  bee  produced.  The  need  for  a 
sheec  or  mac,  large  area  transducer  that  will  conform  to  the 
hull  of  a  ship  has  led  to  the  incorporation  of  small  rigid 
composite  elements  into  a  macrocomposite.  The  goals  set  for 
the  conformal  transducer  were  sensitivity  greater  than  -200 
dB  re  1  V/uPa,  operation  to  at  least  7  MPa,  maximum  frequency 
of  100  Hz,  conforming  to  a  0.10  m  radius  and  a  hydrophone  sec¬ 
tion  of  at  least  0.01  m^. 

In  the  study  three  types  of  rigid  composites  are  used  to 
determine  the  effect  of  compliant  hinge  material  and  flexible 
electrodes  on  the  hydrostatic  sensitivity.  Typical  response 
of  a  1-3  rod  composite  in  flexible  form  is  a  sensitivity  of 
-193  dB  re  1  V/uPa,  with  a  capacitance  of  1-  _f  per  m-  and 
only  2  dB  degradation  when  operating  at  7  MPa. 


INTRODUCTION 

During  the  past  five  years  the  Ferroics  Oroup  at  the  Materials 
Research  Laboratory  of  The  Pennsylvania  State  University  has  theo¬ 
retically  and  practically  explored  the  use  of  polymer  ceramic  compo¬ 
sites  as  hydrostatic  pressure  sensors*.  Advances  in  the  design  of 
these  composites  have  made  them  interesting  car.cidaces  to  replace 
traditional  tube  and  sphere  based  hydrophones  for  applications  that 
cover  large  areas  and  require  corn: ormab iliry .  A  piezoelectric  com¬ 
posite  approaches  the  problem  of  the  low  hydrostatic  sensitivity  m 
PZT  ( lead  zirconate  cicar.ace)  in  a  manner  similar  to  that  -sec  in 
existing  hydrophones.  3c th  devices  increase  hydrostatic  sensitivity 
by  decoupling  the  longitudinal  and  transverse  stresses. 

Although  PZT  has  large  piezoelectric  charge  coefficient  e  -  3 
and  d3]_  >'3  i3  the  poling  direction-,  the  nvdrostatio  or.arge  ccerrfi- 
cienc  idv.;,  vnioh  is  the  sum  of  C33— Icji  is  low.  This  is  because 
133  is  opposite  in  sign  to  033  anc  equal  to  slightly  mere  than 
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“vice  its  magnitude .  la  a  properly  da  signed  composite,  o:  should 
be  possible  co  decouple  the  033  component  from  133,  enhancing  du 
while  scill  maintaining  a  strong  monolithic  device.  '«ork  with 
composite  hydrophones  material  has  demonstrated  the  additional 
advantages  of  low  density,  low  permittivity,  the  possibility  of 
increased  resistance  to  mechanical  shock  and  also  the  possibility 
of  fabrication  in  flexible  form. 

DESCRIPTION  OF  HYDROPHONE 

Our  goal  was  to  prepare  trial  hydrophones  that  were  conformable 
and  had  a  moderate  area  of  100  cm^.  Evaluation  of  the  various  one, 
two  or  three  dimensionally  connected  ?ZT  networks  has  indicatec  that 
most  truly  flexible  materials  are  not  physically  stable  with  pres¬ 
sure  cycling  and  have  properties  that  continually  change  with 
flexural  cycling.  Tor  this  reason  the  flexible  composite  trans¬ 
ducers  were  limited  co  solid  materials  that  are  hinged  to  make  a 
flexible  sheet  or  a  composite-composite.  These  hydrophones  were 
prepared  from  three  of  the  mosc  promising  composite  techniques:  (a) 
a  three  dimensionally  connected  ?ZT-epoxy  composite  known  as  BURPS-; 
(b)  a  one  dimensionally  connected  PZT  rod  assembly  (1-3-0)  held 
cogecher  by  epoxy  loaded  with  glass  spheres3;  (c)  a  shape  (3-1) 
that  is  basically  a  PZT  cube  with  a  cylindrical  hole  perpendicular 
to  the  poling  direction4. 

Each  cast  hydrophone  was  1/16  the  normal  active  area  or  2.3x 
2.3  cm  and  has  a  thickness  of  about  0.3  cm.  The  device  is  flexible 
enough  co  bend  around  a  i  cm  radius.  Figure  1  shows  a  cross-section 
of  this  design.  The  active • elements  comprise  approximac alv  102  of 
the  hydrophones  total  area  and  are  held  together  by  insulacing 
polyurethane  which  gives  the  device  its  flexibility.  Polyurethane 
and  other  viscoelastic  polymers  have  a  poisson’s  ratio  of  0.5  anc 
therefore  are  hydrostatically  stiff.  This  was  shown  co  be  a  pro¬ 
blem  when  using  polyurethane  as  the  matrix  in  1-3  composites,  ar.c 
was  also  found  to  be  a  problem  when  used  with  these  very  large 
cross-section  blocks.  To  altar  the  poisson's  ratio,  the  polyure¬ 
thane  was  filled  wich  glass  balloons,  poiymethyl  mechacrylaca  spheres 
or  gas  bubbles. 

owm-uctti*  or  >*orma  wug  htouwwm 


Figure  _.  Iross-secccon  of  flexible  trar.scucer. 


THE  INCORPORATION  OF  RIGID  COMPOSITES  INTO  A  CONFORMAL... 


The  electrode  of  a  flexible  composite  must  endure  numerous 
bends  and  still  maincain  a  low  resistance.  In-house  experiments 
with  various  conductor  loaded  organics  have  lad  to  the  selection  of 
a  dual  electrode  system.  First  each  rigid  element  (1x4  mm)  of  the 
hydrophone  is  electroded  with  highly  conducting  silver  frit  or 
silver  epoxy  to  give  a  very  low  resistance  across  the  surface. 

These  electrodes  are  then  tied  together  by  a  layer  of  carbon  loaded 
polyurethane.  The  carbon  loaded  polyurethane  bonds  very  well  to  ch 
polyurethane  connecting  material  and  has  sufficient  conductivity 
(oxl0~2  "l~-cm“i-)  to  allow  a  frequency  response  to  about  100  KHz 
depending  on  the  capacitance  of  the  elements  involved. 

The  outermost  layer  is  for  the  purpose  of  electrical  insulatio 
and  chemical  protection  from  the  environment.  This  layer  has  re¬ 
mained  the  same  in  all  the  designs  and  is  the  most  flexible  of  the 
polyurethane  series  used. 

The  merits  of  the  three  sensing  materials  were  judged  to  be 
a  combination  of  sensitivity,  durability,  and  ease  of  fabrication. 

A  fourth  criterion,  flexibility,  is  held  constant  in  this  study. 

The  levels  of  the  device  response  as  given  in  Table  1  depends  on 
che  connectivity  of  the  composite  and  on  the  properties  of  the 
components.  The  materials  used  in  the  following  composites  are  noc 
proposed  as  a  maximized  combination  but  only  as  the  best  components 
selected  from  a  relatively  limited  number  available  at  our  facili¬ 
ties. 

The  ?ZT  used  in  all  composites  will  be  type  501A  produced  by 
Ultrasonic  Powders,  Inc.  Depending  on  the  internal  pressures  gener 
ted,  a  different  type  of  material  may  increase  sensitivity  or  stabi 
lit*/  but  this  PZT  should  be  a  good  compromise  for  the  initial  sam- . 
pies  produced  in  this  study.  Even  though  the  green  processing  and 
fired  shapes  are  markedly  different,  experience  has  shown  che  pro¬ 
perties  of  the  PZT  to  remain  relatively  constant. 


Table  1.  Properties  of  composite  materials. 
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DISCUSSION  OF  SPECIFIC  COMPOSITES 
3-1  Macrocomcosice 

This  composice  is  one  of  che  more  recent  designs  arising  from 
cha  considaracion  for  aass  production  (extrusion)  and  the  realiza¬ 
tion  chat  a  totally  rigid  electrode  area  transfers  the  maximum 
force  to  che  active  element  while  providing  a  stiffening  against 
che  transverse  (d3 j,)  stresses.  The  original  paper  ana  this  study 
utilize  parts  produced  by  ultrasonic  drilling,  but  this  should  be 
replaced  by  extruding  a  slug  of  ?ZT  with  a  cylindrical  hole.  The 
tube  nay  then  be  cut  to  desired  lengch.  A  permittivity  of  950  and 
a  density  of  5  make  devices  using  this  material  the  heaviest  ar.d 
the  lowest  in  electrical  impedance  of  the  three  composites  proposed 

1-3-0 

This  design  is  the  most  difficult  to  fabricate  but  also  is  the 
system  with  the  most  versatility.  It  is  this  system  that  has  been 
constructed  as  a  nacuraliy  flexible  material  although  more  study 
is  needed  to  develop  a  nan-dispersive  flexible  polymer  that  is  noc 
hydrostatically  incompressible.  The  1-3  composite  in  this  study  is 
a  compromise  between  a  high  gft  for  maximum  sensitivity  (-193  d3 
re  1  7/uPa)  and  an  arbitrary  minimum  capacitance  (jC-iCO)  of  '-1000 
pf.  There  is  also  a  slight  frequency  and  pressure  dependency  of 
about  1  dB  for  Q  to  1000  psi  ana  20  to  200  Hz. 

3U3PS 

The  3URPS  technology  is  perhaps  che  simplest  to  fabricate.  The 
solid  material  is  produced  by  conventional  powder,  slug  fabrication. 
Once  che  pores  of  the  three  dimensional  PZT  network  are  filled  with 
a  polymer,  the  material  probably  also  becomes  the  most  rugged  of 
the  candidates.  I:  can  then  be  cut  and  shaped  with  normal  machir.cn 
techniques.  Electroaing  is  done  with  conducting  epoxy  and  che  mate 
ial  is  poled  to  saturation  at  12QaC. 

The  sensitivity  of  the  3URPS  composite  is  the  lowest  (-203  i3 
re  1  7'uPa)  of  the  three  but  has  little  pressure  sensitivity  ever, 
to  1000  psi.  The  permittivity  of  -00  is  sufficient  to  give  3.5  nf 
capacitance  per  10x10  tile. 

RESULTS  ACT  OISCUSSION 

As  was  found  when  exploring  the  response  of  1-3  composites, 
the  matrix  (hinge)  can  strongly  influence  the  response  of  the  PIT 
'in  this  case  the  composite).  The  -'30  flexane  is  more  compliant 
than  the  ;i60  flexane  and  is  believed  to  be  hydrostatically  sciffer 
polsson's  ratio  near  0.5).  as  can  be  seen  in  Table  2,  tr.e  --30 
flexane  always  reduced  che  response  of  erne  composites  ar.c  in  the 
case  where  the  polyurethane  ?7'  filled  the  tenter  of  tr.e  1-3.  tr.e 
g-n  was  reduced  to  almost  or.at  of  solid  PIT.  It  appears  r.-.ac  the 
hydrostatically  stiff  hinge  materia,  stiffens  tr.e  csv.ce  ar.c  remove 
scress  from  che  ccmocsice. 
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nodulous  of  *he  '-‘30  c_exane  to  procuce  a  flexib.e  hinge  that  would 
^  -ami-  -he  hydroscacic  response  or  one  composite  alenents.  The 
ohree  types  of  tillers  were  a(  gas  bubbles;  b)  pclymechyl  sechacrv- 
lace  (Piet)  spheres  and  glass  balloons  MB) .  A  second  difficult*.’ 
became  evidtnc  when  using  one  bubbles.  If  one  hinge  is  verv  scoo. 
-he  stiff  carbon  fiber  electrode  acts  as  a  force  gathering  alener.' 
ana  the  composite  appears  to  have  a  response  larger  than  normal  at 
-ow  pressure.  This  effect  drops  out  at  high  hydrostatic  pressure 
and  the  device  has  the  response  of  a  solid  hinge  configu 
iOQO  psi  nose  cevicas  r.ave  the  sane  resocr.se  at  about  -1 

-he  two  solid  fillers  were  spherical  particles  in  the  order  of 
-00  cm  diamecer  and  gave  similar  sens i civic v  levels.  The 
spheres  were  easier  to  nix  with,  the  ?TJ  than  the  nicroca' ' 'or  '3 
anci  ziore  pressure  sreble  results.  Sccie  of  or. e  .iiih  values 

recorded  on  .'3  filled  ?L*  is  attributed  to  the  incorporation”:  snai 
air  bubbles  during  nixing. 

*■ ne  j- ~ 3 — 0  elements  suoter  orom  the  sane  clar.pina  effect  as  the 
3-1  composite.  As  expected,  the  1-3-0  give  a  higher  sensicivif 
than  the  3—  u  but  lower  d-j  oecause  of  the  reduced  pemittivitv . 

The  dh  end  ghdh  product  of  all  the  devices  is  lowered  consid¬ 
erably  l'ohi  one  actua_  vaiue  oo  the  oemoosite  because  of  the 
-ncreased  device  area  needed  tor  the  hingir.2  nater‘a'  —  - ^  . . .  —  —  ;a  —  - 
design  uses  a  1.3  nm  wide  hinge  anc  has  no re  than  acecuate  flexi¬ 
bility.  A  reduction  of  the  hinge  winch  to  1  nm  would  increase  d-_ 
and  g-nd‘n  by  33®. 

Although  it  was  not  possible  to  make  sensitivif  measurements 
to  100  ki-lz ,  resonance  measurements  were  made  on  the  ir.cividual  a  •  j- 
mencs  and  tr.e  cevices.  The  1-3-0  materia-  nad  a  thioxr.ess  resonant 

at  200  kHz  which  was  almost  cocallv  canoed  out  in  oe"‘  -■»  

. . *e  3— —  materia—  had  an  unidentioied  -jg^Qa-cj  -  —  __  ^  —  — , .  —  ..  . 

not  exhibit  significant  ncncapacitlnce'inoacance'-ntli "aoou-'*'1''"'- 
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5UHMAHY 

1)  Rigid  composica  hydrophone  nacarial  ran  be  incorporated 
inco  a  conformal  sheet  hydrophone  wish  sensitivity  graacar  chan 
-200  d3  and  capacicance  graacar  chan  300  af/a^. 

2)  Reduction  tn  flexibility  by  decraased  hinge  thickness  can 
signficantly  increase  sheec  capacicance  or  g’ndft  produce. 

3)  Care  ausc  be  given  co  Che  hinge  aacarial  co  achieve  a 
flexible  bue  sciil  hydroscacically  comprassible  aacarial. 
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GRAIN  ORIENTED  GLAiS-CERANICS : 
APPLICATIONS 


NEW  MATERIALS  FOR  HYDROPHONE 


A.  HALLIYAL,  A.  SAFARI,  A.  3.  S  HAL  LA  AND  R.E.  NF.'NHAii 
Materials  Research  Laboratory,  The  Pennsylvania  Scare 
University,  'Jniversicy  Park,  PA  16802 

Abscracc  Grain  oriented  glass-ceramics  of  fresnoice 
(3a2TiSi20g)  and  its  modifications  S^TiSiiOg  and  3a2liGe20g 
have  been  prepared  by  recryscaiii2ing  glasses  in  a  temperature 
gradient.  Piezoelectric  voltage  coefficients  gj^  and  hydro¬ 
static  voltage  coefficient  g^  of  these  glass-ceramics  are 
comparable  to  chose  of  PVFa  and  an  order  of  magnitude  higher 
than  the  corresponding  values  of  P2T.  These  glass-ceramics 
seem  to  be  attractive  candidate  materials  for  hydrophones  and 
several  piezoelectric  devices.  Hydrostatic  p iezoeiectric 
properties  of  3a2TiSi20g  and  3a2TiGe20g  single  crystals  are 
also  reported. 


INTRODUCTION 

It  has  been  shown  in  our  earlier  studies^--3  that  the  technique 
of  recryscallizing  glasses  in  a  temperature  gradient  can  be  utilized 
to  produce  grain  oriented  glass-ceramics  with  useful  pyroelectric 
and  piezoelectric  properties.  From  this  technique,  which  is  suitable 
for  preparing  inexpensive  large  area  pyroelectric  detectors  and 
piezoelectric  resonators,  glass-ceramics  with  both  crystallographic 
and  polar  orientation  are  obtained.  Several  glass  forming  systems 
like  Li20-Si02,  Li20~Si02“3a03,  3a0-5i02”Ti02 ,  5r0-5i02~Ti02  and 
3a0-Ge02~Ti02  were  examined  to  obtain  glass-ceramics  with  optimum 
properties.  The  crystalline  phases  recrystallized  from  the  above 
systems  were  L^SioC^,  Li2B40-,  3a2TiSi20g,  SroTiS^Og  or  3a?Ge2“i0g. 
All  these  crystalline  phases  are  nonf erroelectric  and  belong  to  one 
of  the  ten  polar  point  groups.  One  or  more  crystalline  phases  are 
obtained  depending  on  the  original  composition  of  glasses.  Exten¬ 
sive  studies  have  been  carried  out  to  obtain  glass-ceramics  with 
good  physical  properties  and  to  optimize  the  pyroelectric  and 
piezoelectric  properties  by  varying  the  composition  of  glasses  and 
by  adding  several  modifying  oxides  to  the  above  glass  compositions. 
The  details  about  the  exact  composition  and  properties  can  be  found 
in  references  1-5. 

In  the  present  study,  the  hydrostatic  piezoelectric  properties 
of  glass-ceramics-  of  fresnoice  OajTiSioOg)  and  its  modifications 
BriTilioOg  and  3a2Ge2TiOg  are  reported.  The  properties  of 
3a2~iSi20g  and  3a2TiGe20g  single  crystals  were  also  measured.  The 
hydrostatic  piezoelectric  coefficient  d^,  hydrostatic  voltage 
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coefficient  g^  and  acoust-'c  impedances  of  these  materials  are  com¬ 
pared  with  common!/  used  piezoelectric  aacarials  like  lead  zirconace 
cicanaca  (?2T)  and  polyvlnyladene  fluoride  [(C32?2^a  or  ?v^2^* 
advancages  of  glass-ceramics  for  hydrophone  applications  are  dis¬ 
cussed.  In  che  lasc  section,  an  explanation  is  given  for  the  high 
value  of  gjj  in  fresnoita  single  crystals. 

SAMPLE  PREPARATION  ASP  MEASUREMENTS 

Glasses  of  different  compositions  vera  prepared  by  mixing  reagent 
grade  chemicals  and  melting  in  a  platinum  crucible.  Glass-ceramic 
samples  of  approximately  I  cm  diamecar  with  oriencad  crystallites 
vere  prepared  by  recrystalli2ing  the  glasses  in  a  temperature 
gradient.  2-ray  diffraction  and  micros true cure  studies  indicated 
that  needle-like  crystals  grow  from  the  surface  into  the  bulk  of 
the  sample  along  the  direction  of  temperature  gradient.  Further 
details  about  sample  preparation  and  characterization  can  be  found 
in  references  1-5.  Single  crystals  of  3a2?iSi?Og  and  3a2tiGe20g, 

1  cm  in  diamecar  were  grown __  from  melts  of  stoichiometric  composi¬ 
tions  by  Czochralski  method®*'. 

For  dielectric  and  piezoelectric  measurements,  sections  were  cut 
normal  to  che  temperature  gradient,  then  polished  and  coacad  with 
sputtered  gold  electrodes.  The  dimensions  of  che  finished  samples 
were  approximately  1  cm  in  diamecar  and  0.5  mm  in  thickness. 

The  dielectric  constant  £  and  loss  factors  of  samples  were 
measured  at  a  frequency  of  1  KHz,  using  a  Hewlett  Packard  automated 
capacitance  bridge  (Model  4270A) .  The  piezoelectric  133  coeffi¬ 
cient  was  measured  with  a  d33~mecer  (Channel  Products,  model  CPOT 
3300).  The  hydrostatic  voltage  coefficient  g^  was  measured  by  a 
dynamic  method^  which  is  basically  a  comparative  technique.  In 
this  mecnod,  a  P2T-5  sample  of  known  value  of  g^  is  used  as  a  stand¬ 
ard.  After  che  sample  and  the  standard  are  placed  in  the  holder, 
che  chamber  is  filled  with  oil  and  a  static  pressure  is  applied.  A 
function  generator  sec  to  che  desired  frequency  drives  an  AC  stress 
generator  placed  inside  che  test  chamber.  The  voltage  produced  by 
the  sample  is  displayed  on  an  oscilloscope  and  compared  to  the  vol¬ 
tage  produced  by  che  standard.  3y  'Knowing  the  voltage  responses 
and  che  dimensions  of  the  sample  and  the  standard,  we  can  calculate 
the  piezoelectric  voltage  coefficient  g^  of  the  sample.  From  the 
measured  values  of  i 3 3 ,  g^  and  X,  the  piezoelectric  voltage  coeffi¬ 
cient  g33  *  d 3 3 / S0 ^  And  hydrostatic  piezoelectric  coefficient  d-n  * 
gftcQX  were  calculated. 

COMPOSITION  OF  GLASSES 

The  composition  and  crystalline  phases  of  glass-ceramics  are 
given  in  Table  1  along  with  their  crystallization  temperatures 
determined  by  exothermic  peaks  of  OTA  runs. 

For  all  the  systems  examined  in  the  present  study,  stoichio¬ 
metric  composicions  did  cot  give  glass-ceramics  with  good  pnysica! 
and  piezoelectric  properties.  Hence  the  compositions  of  g.asses 
were  opcimicad  in  order  to  oocain  glass-ceramics  veer,  .triform 
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Table  1.  Compositions  and  crystalline  phases. 


CobocsI  tlon 

Crystallization 
T«mo  (*c) 

Crystalline 

Phases 

28a0-3S102-T1Q2 

930 

a*2nsi2oa 

(1.95*0-0. !PbO)-3S102-T102 

920 

3a2T1S1203 

28*0-0. !5C*0-2.9Sf02-Tf02 

920 

3*2TiSi203 

1 . 68*0-0 . 4C*0- 2. 3S102-T1 02 

930 

3*,TiSi,0a 

1. 68*0-0. 4SrO-3S<02-7102-0.2C*0 

930 

3*2TiSi203 

2SrO-3S102-T102 

950 

SrjTISIjOg 

(1.3Sr0-0.2B*0)-2.3Si02-T102-0. 

!Ca0  940 

^ rZ‘ ’^'2^3 

8*0-S«02-T102 

300 

3*2TiGe2Q3 

crystallization  and  useful  piezoelectric  and  pyroelectric  properties. 
The  optimized  compositions  for  Ba^TiS^Og,  S^TiS^Og  and  3a2Ge2TiOg 
were  23a0-*3Si02“TiQ2>  2Sr0-3Si02~Ti02  and  3a0-Ge02“Ti0?  respectively. 
Addition  of  a  small  percentage  of  ?b0,  CaO  and  SrO  helped  in  obtain¬ 
ing  glass-ceramics  with  uniform  crystallization  and  good  mechanical 
strength.  The  crystallization  temperature  of  the  glasses  were  in 
the  range  8Q0'-950oC.  The  crystalline  phases  of  all  the  glass- 
ceramics  are  also  listed  in  Table  1. 

HYDROSTATIC  IlEASDREIENTS 

The  measured  values  of  dielectric  constant,  833  and  gft  are 
listed  in  Table  2,  along  with  the  calculated  values  of  g33,  %  anc* 
dftgjj.  The  properties  of  BaoTiSiaOg  and  3a2Ge2TiOg  single  crystals 
are  also  listed  in  the  cable.  A  comparison  of  dielectric  and  hydro¬ 
static  properties  of 'glass-ceramics  with  the  corresponding  proper¬ 
ties  of  PVT 2  and  PZT  50LA  is  given  in  Table  3.  The  values  of  g-n  and 


Table  2.  Hydrostatic  measurements. 


Coeeetitlon 

X 

s33 

oC/a 

333 

(10°  Ve/N) 

no'3  wn) 

aC/ft 

Vh 

no*15  r- 

2S4O-3SI0,-TIOj 

9 

7 

38 

no 

3.3 

970 

(1.98l0-0.  IPWl-OSlOj-TlOj 

10 

7 

30 

no 

9.7 

O 

O 

zato-Q.  !SC4«-z.JSi0j-ri0j 

10 

6 

63 

75 

5.6 

500 

(1 .58a0-0. 4Ca0 )—  Z. 3S10j-T10j 

10.5 

6 

65 

35 

7.9 

670 

( 1 .  S**0-Q.  «r0 )- aiOj-iiQj-Q.  JCiO 

9.3 

i 

70 

100 

3.7 

370 

JSrO-BIOj-TiOj 

n.j 

11 

138 

35 

3.7 

’10 

{1.aSfO-O.2S«O)-2.3SIOj-Q.lC*0-T10j 

10. 5 

10 

107 

100 

9.1 

310 

sao-^Oj-rtOj 

IS 

i 

IS 

70 

9.3 

550 

3an$i,aa  (Single  Crystal) 

11 

3 

32 

130 

12.7 

1650 

i»jilS«j03  (Single  Crystal) 

11.1 

3 

30 

120 

12.1 

'150 
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Taola  3.  Comparison . of  piezo¬ 
electric  properties. 


Praoarty 

Class* 

PVF, 

PIT 

Ceraaics 

K 

10 

13 

1800 

d^dO*2  C/N) 
4vn0’12  C/N) 

3-10 

30 

450 

*1.5 

-18 

-205 

V™*'2  C/N) 

3-10 

10 

10 

g33d0*3  Im/H) 

100 

250 

28 

9hdO'3  V«/N ) 

Vhi10"'5  fl2/N) 

100 

100 

2.5 

1000 

1000 

100 

2(10°  ray  Is) 

18-25 

2-3 

30 

d^gft  glass-ceramics  ara  com- 
parabla  to  that  of  ?V?2  and  much 
higher  chan  che  corresponding 
values  of  PIT.  even  chough  Che 
values  of  133  and  d^  of  glass- 
ceramics  are  comparatively  low, 
che  magnitudes  of  133  and  gft 
are  high  because  of  their  low 
dielectric  conscanc^"1^.  Acous¬ 
tic  impedance  2  of  glass-ceramics 
were  calculated  using  che  reia- 
cion  2  ■  cc,  where  h  is  che 
density  of  che  material  anc  c 
is  che  velocity  of  sound  in  che 
medium.  Acoustic  impedances  of 
glass -ceramics  are  compared  with 
chose  of  ?V?2  and  ?ZT  in  Table 
3. 


APPLICATION  CT  HYDROPHONES 

A  hydrophone  is  a  passive  device  used  as  a  hydrostatic  pressure 
sensor.  For  hydrophone  applications,  che  commonly  used  figure  of 
merits  are  hydrostatic  voltage  coefficient  g’n  and  d^g^.  For  hydro¬ 
phone  applications,  che  desirable  properties  of  a  transducer  mater¬ 
ial  are: 

1.  High  dfc,  gh  and  dhgh. 

2.  Low  density  for  better  acoustic  matching  with  water. 

3.  High  compliance  and  flexibility  so  chat  che  transducer  can 
withstand  mechanical  shock  and  it  can  be  deformed  to  any 
desired  profile. 

4.  No  variation  of  g^  with  pressure. 

PZT  ceramics  ara  used  extensively  as  piezoelectric  transducer 
materials  despite  having  several  disadvancages .  The  values  of  g-n 
and  d^gft  of  PZT  are  low  because  of  its  high  dielectric  constant 
("■'1300)  and  Low  d^.  In  addition,  che  high  density  of  PZT  (*'-7900 
kg/m-3)  makes  it  difficult  to  obcain  good  impedance  matching  with 
water.  Moreover,  for  hydrophone  applications,  a  more  compliant 
material  with  better  3hock  resistance  wouid  be  desirable.  To  over¬ 
come  the  problems  or  PZT  for  use  in  hydrophones,  a  cumber  0:  compo¬ 
sites  of  PZT  and  polymer  with  different  connecciviries  have  bear, 
studied  in  recent  years 7ery  high  values  of  g*n  and  d^g-„  have  jeer, 
achieved  with  che  compos  ice  approach. 

However,  among  single  pr.ase  macarials  ?VF-  seems  co  be  an  attrac¬ 
tive  candidate  material  for  hydrophone  applications.  It  has  a  low 
density  (1760  kg,mJ)  and  it  is  a  flexible  material.  Although  it  has 
low  133  and  d^,  the  dielectric  constant  of  this  materia-  is  low 
enough  that  large  values  of  piezoelectric  voltage  coefficients 
and  g-a  are  possible.  Overall,  this  combination  of  procerties  seems 
to  be  very  attractive  and  ?V7-i  has  receivea  one  attention  of  severs. 
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invescigacors^O .  However,  che  major  problem  in  the  use  of  PVT 2  is 
difficulty  in  poling  PVT 2  sheecs.  A  very  high  voltage  is  necessary 
co  pole  ?V?2  (about  10  to  100  MV/m)  and  this  puts  a  limitation  on 
the  thickness  of  PVT 2  chat  can  be  poled. 

From  Table  3,  it  is  clear  chac  the  piezoelectric  coefficients 
d33  and  d^  of  glass-ceramics  are  comparable  co  chose  of  PVT,,  but 
much  lower  chan  chac  of  ?ZT.  However,  values  of  333  and  g-n“of 
glass-ceramics  are  much  higher  chan  chac  of  ?ZT.  Hence  chese  glass- 
ceramics  will  be  useful  in  passive  devices  like  hydroscacic  pressure 
sensors  where  g-n  is  more  imporcanc.  The  variation  of  g-n  with  pres¬ 
sure  was  measured  for  glass-ceramics  upco  3  MPa.  There  was  no  sig¬ 
nificant  variation  of  g-n  with  pressure.  In  practical  use,  glass- 
ceramics  may  offer  several  advantages  over  PVT 2  and  ocher  ferroelec¬ 
tric  materials  for  application  in  piezoelectric  devices  as  discussed 
below. 

Since  all  these  glass-ceramics  are  nonf erroeieccric ,  there  is 
no  poling  step  involved,  which  is  a  major  problem  with  PVT2-  Thera 
will  be  no  problem  of  depoling  or  ageing  which  are  commonly  encoun¬ 
tered  in  most  of  the  ferroelectric  materials.  Hence,  these  glass- 
ceramics  can  be  used  in  devices  operating  at  higher  temperacures . 
Large  area  devices  can  be  prepared  easily  by  routine  glass  prepara¬ 
tion  techniques  and  hence  the  cost  of  che  device  can  be  significantly 
lowered  compared  to  chat^of  PVT2-  Since  acoustic  impedances  of  these 
glass-ceramics  (18-20x10°  rayls)  matches  with  that  of  aluminum,  they 
can  be  used  for  non-destructive  testing  of  aluminum.  These  glass- 
ceramics  look  attractive  for  use  in  piezoelectric  devices  in  which 
glass  fibers  are  used. 

POSITIVE  d  IN  FRESNOITE  SINGLE  CRYSTALS 

The  gft  values  of  3a2TiSi20g  and  3a2TiGe20g  single  crystals  seem 
to  be  unusually  high  compared  co  most  of  the  commonly  used  piezoelec¬ 
tric  materials. 

The  hydroscacic  piezoelectric  coefficient  d-a  is  given  by  the 
equation 

dh  *  d33  +  2d31  (~) 

Even  chough  133  and  833  coefficients  of  PZT  are  large  (Table  3)  its 
djj  value  is  low  because  of  their  opposite  signs.  Moreover,  its  high 
dielectric  constant  (^1800)  further  lowers  the  voltage  coefficients 
333  an<*  3h  (Table  3).  On  che  ocher  hand,  for  fresnoice,  even  though 
833  is  low,  d^  is  slightly  higher  chan  033  because  or  positive  032- 
In  addition,  because  che  dielectric  constant  of  fresnoice  is  very- 
low  ('U10)  ,  the  values  of  333  and  are  very-  high.  The  positive 
sign  of  832  in  fresnoice  was  confirmed  by  measurement  with  a  833- 
mecer.  A  model  has  been  proposed  to  explain  che  positive  sign  of 
831  in  fresnoice  based ^  on  its  crystal  structure  and  internal 
Poisson's  ratio  stress — . 
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CONCLUSIONS 

(1)  It  has  been  shown  chat  grain  oriented  glass-ceramics  in 
Che  3aO-Si02"TL02,  3a0-GeQ2~Ti02  and  Sr0-5i0'2“Ti02  syscams  can  be 
prepared  by  crystallizing  glasses  of  optimized  compositions  in  a 
temperature  gradient . 

(2)  Magnitudes  of  hydrostatic  piezoelectric  coefficient  du, 
hydrostatic  voltage  coefficient  g^  and  dielectric  constant  of  glass 
ceramics  are  comparable  to  the  corresponding  values  of  F772- 

(3)  Acoustic  impedances  of  these  glass-ceramics  are  in  the 
range  18-20x100  rayls  and  hence  good  acoustic  matching  can  be 
obtained  with  metals  like  aluminum  and  commonly  used  glasses. 

(4)  These  glass-ceramics  are  nonf erroelactric  and  hence  the 
problems  associated  with  poling  and  ageing  are  avoided.  Also,  they 
can  be  used  in  devices  operating  at  higher  temperatures. 
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Atiivact 

Glass  ceramics  are  shown  In  this  study  as  a  new  class  of 
transduction  materials  for  application  in  sonar 
transducers*  It  is  found  that  the  glass  ceramics  of 
Ba2TiSi20g  have  high  hydrostatic  voltage  sensitivity,  low 
dielectric  loss  and  low  dielectric  constant.  These 
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properties  are  also  shown  to  be  practically  Independent  of 
pressure  up  to  32  MPa.  The  free-field  voltage  sensitivity 
of  a  glass— ceraaic  prototype  hydrophone  is  higher  than  that 
based  on  a  commonly  used  lead  zireonate  titanate  (?ZT) 
ceraaic  element. 

PACS:  43.38.Fz;  43.30.YJ;  77.60.+v;  77.2Q.+y 


INTSbODUCTION 

Since  the  discovery  of  the  ferroelectric  barium  titanate  (BaliO^)  and 
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lead  aircoaace  titanate  (?2T)  ’  ,  ceramics  have  been  rapidly  replacing 
conventional  piezoelectric  crystals  for  hydrophone  applications,  and  now  ?ZT 
ceramics  are  used  almost  exclusively  in  the  3.S.  Navy's  sonar  transducers. 
However,  PZT  ceramics  suffer  several  disadvantages:  the  values  of  their 
hydrostatic  piezoelectric  constants  are  relatively  low,  and  dielectric 
constants  very  high.  The  density  of  these  ceramics  is  also  very  high. 
Furthermore,  PZT  exhibits  depollng  or  aging  problems  as  commonly  encountered 
in  most  of  the  ferroelectric  aacerlals.^  Therefore,  there  has  been  a  great 
deal  of  interest  in  recent  years  to  develop  new  transduction  materials  that 
offer  improved  sensitivity  and  aging  characteristics.  Several  different 
approaches  such  as  PZT-polymer  composites'*  and  piezoelectric  polymer^  have 
been  investigated.  Recently  a  new  family  of  naterlals  (polar  glass  ceramics) 
has  been  studied  for  pyroelectric  and  piezoelectric  applications.^-**  Glass 
ceramics  containing  the  crystalline  phases  of  L^SiQ^  ,  ,  Ba^TiSi^Oj  , 

3a2liGe20g ,  and  were  shown  to  exhibit  large  pyroelectric  responses 

comparable  to  those  of  respective  single  crystals.  These  naterlals  also  have 
low  dielectric  constant  in  the  range  of  10-20  and  attractive  piezoelectric 
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properties.  In  this  report,  grain-oriented  I^TiS^Og  glass  ceramics  (3ST) 
are  proposed  as  new  materials  for  potential  applications  in  sonar  transducers. 

EXPERIMENTAL 

Glass  ceramic  samples  vith  oriented  3a2liSi20g  crystallites  were  prepared 
by  racrystallizing  the  glasses  of  compositions  in  the  3a0-Ti02~Si02  system  in 
a  temperature  gradient.  The  detailed  procedure  for  the  preparation  of  glass 
ceramic  samples  was  described  in  earlier  ref erences. -he  oriented 
sections  (after  the  recrystallizacion  of  the  glasses)  were  cut  normal  to  the 
temperature  gradient  and  then  polished  to  thickness  =0.04  cm.  Silver-paint 
electrodes  were  coated  on  both  sides  of  the  sample  for  testing.  The 

piezoelectric  and  dielectric  properties  of  the  samples  were  characterized  by 
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using  an  acoustic  reciprocity  technique.  The  theory  of  this  calibration 

—I —  -  —  •  —  -  - —— — 

method  has  been  well  documented*"1  and  will  not  repeated  here.  The  experiments 
were  carried  out  in  a  castor-oil-filled  acoustic  coupler  with  temperature  and 
pressure  controlled  to  within  ±Q.1*C  and  ±0.02  MPa,  respectively,  and  a 
sinusoidal  acoustic  pressure  applied  at  1  kHz.  The  glass  ceramic  specimen  was 
in  che  form  of  a  circular  disk  approximately  1.2  cm  in  diamecer  and  0.04-cm 
thick.  A  PZT-3  sample,  1.3  cm  in  diameter  and  0.6-cm  chick,  was  also  tested 
as  a  reference.  The  properties  of  two  commercially  available  piezoelectric 
polymer  PV?2  samples,  obtained  from  two  different  sources,  were  also  measured 
for  comparison.  Each  PVPj  sample  was  a  1.2  cm  by  1.2  cm  square  piece.  Their 
thicknesses  were  0.056  cm  and  0.070  cm,  .respectively.  The  experiments  were 
performed  over  che  temperature  range  of  5  to  45aC.  A  pressure  cycle  was 
carried  out  for  each  sample  by  Increasing  che  static  pressure  in  che  coupler 
from  ambient  to  35  MPa  at  5  MPa  intervals,  then  followed  with  decreasing 
pressure  ac  che  same  race.  During  such  a  pressure  cycle,  che  temperature  of 
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the  system  saa  carefully  controlled  ac  2^.5’C. 


The  hydrophone  characteristics  of  the  glass  ceramic  sample  were  also 
evaluated  in  a  prococype  design  using  a  standard  NRL-USeLD  £3  high-frequency 
hydrophone  assembly.  The  elemenc  was  placed  in  the  £3  mount  with  a  rubber 
window  attached  to  the  face.  The  device  was  tested  ac  Che  H8L-USRD  Lake 
Facility  co  obcaln  its  free-field  voltage  sensitivity  (F7VS)  as  a  function  of 
frequency. 


RESULT  AND  DISCISSION 

Figure  1  shows  the  hydrostatic  d  constant  of  the  materials  tested  as  a 
function  of  pressure.  The  PZT-5  sample  exhibited  a  d^  value  of  21  pC/N  ac  the 
ambient  pressure,  which  also  Increased  slowly  with  increasing  pressure.  The 
d^  values  for  boch  PVFj  samples  and  the  glass  ceramic  composite  fall  in  the 
range  of  9-LQ  pC/N.  sample  no.  1  showed  a  I  d3  reduction  in  dh  when  the 

pressure  was  increased  from  0.3  to  35  MPa,  whereas  the  reduction  for  the  ?V?2 
sample  no.  2  slightly  exceeded  2  dB.  The  d^  of  the  glass  ceramic  material, 
however,  was  constant  over  the  range  of  hydrostatic  pressure  of  0  to  35  MPa. 
During  the  decreasing  portion  of  the  pressure  cycle,  the  d^  value  also 
remained  independent  of  pressure.  This  is  in  contrast  co  3ome  ceramic- polymer 
composites  which  showed  very  Large  pressure-hysteresis  effects. ^  The 
piezoelectric  voltage  constant  of  the  glass  ceramic  material,  shown  in 
Fig.  2,  was  also  found  co  be  independent  of  pressure  up  to  35  MPa.  The  g^ 
value  of  33x10“^  7  a/N  is  an  improvement  over  that  of  PZT-5  by  .-.early  two 
orders  of  magnitude.  ?VF2  sample  no.  I  exhibited  an  initial  value  of 

112x10**^  7  a/'M  which  was  decreased  to  IQ4»L0~^  7  m/N  ac  35  MPa,  representing  a 
reduction  of  0.6  dB.  PVT,  sample  no.  2  gave  a  Lass  than  that  of  the  glass 
It  was  also  3omevnac  pressure  sensitive;  a  3.5 


ceramic. 


13  reduction  was 


found  at  35  MPa.  The  and  properties  of  these  materials  were  also 
measured  at  0*5  MPa  over  the  temperature  range  between  5  and  45*C.  The 
value  of  the  glass  ceramic  sample  was  independent  of  the  test  temperature,  but 
gh  increased  linearly  with  temperature  by  about  0.4  dB  from  5°C  to  45*C.  The 
results  on  these  samples  are  summarized  in  Table  I. 

The  dielectric  dissipation  of  these  samples  was  also  measured  at  1  kHz. 

It  can  be  seen  from  Table  I  that  both  the  ?ZT  and  ?VF2  material  have 
dissipation  in  the  range  of  0.01  to  0.02.  3ut  the  glass  ceramic  samples  have 
extremely  low  dissipation,  varying  from  0.00003  to  0.0006  depending  on  the 
sample  composition.  This  would  be  very  important  if  one  would  consider  the 
material  for  active  transduction  applications. 

Jt rc  JjWoni. 

The  FFVS  of  the  glass  ceramic  protocype^is  shown  in  Fig.  3.  A  -211  dB 
sensitivity  referenced  to  1  V/uPa  was  measured,  and  over  the  frequency  range 
of  10  to  100  kHz,  Che  response  was  reasonably  flat.  The  PVF2  elements  gave  a 
sensitivity  of  -202  and  -207  dB,  respectively.  Although  the  FFVS  of  the  glass 
ceramic  is  less  chan  chose  of  PVF2,  it  should  be  noced  that  this  sensitivity 
parameter  depends  on  both  the  g^  constant  of  the  material  and  the  thickness  of 
the  sample.  The  thickness  of  the  glass  ceramic  sample  is  only  0.04  cm,  as 
compared  to  0.056  cm  and  0.070  cm  for  the  PVF2  samples.  Because  of  the  high 
voltage  required  for  poling,  the  thickness  of  poled  ?V?2  chat  can  be 
fabricated  will  be  severely  limited.  On  the  ocher  hand,  chick  glass  ceramics 
can  be  readily  prepared  by  routine  glass  fabrication  techniques,  and  the  FFVS 
then  can  be  easily  Increased.  As  is,  -the  glass  ceramic  sample  is  more 
sensitive  chan  the  0.6  cm  chick  PZT-3,  whch  gives  a  FFVS  of  -222  dB 
re  1  V/uPa.  Furthermore,  the  glass  ceramics  have  low  density  (3-4  gm/cc)  and 
thus  lover  mechanical  Impedance  compared  co  thac  of  ?ZT  ceramics. 
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Finally,  1c  is  noted  that  the  properties  of  Che  glass  ceramics  are 
approaching  those  of  llrhiua  sulphate  crystals  (see  Table  I),  Lithium 
sulphate  has  been  used  in  unde rva ter  transducers ,  and  is  still  a  favorite 
piezoelectric  material  for  use  in  many  of  the  Xavy's  standard  transducers. 
However,  che  availability  of  lithium  sulphate  from  commercial  sources  has 
declined  rapidly  in  recent  years.  The  glass  ceramic  would  be  a  good  candidate 
for  its  replacement. 
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Figure  l  -  Hydrostatic  piezoelectric  strain  coefficient  as  a  function  of 
prsssurs  (at  24.5*0). 

Figure  2  -  Hydrostatic  piszoslsctric  voltage  coefficient  gh  as  a  function  of 
pressure  (at  24.5*0). 

Figure  3  -  Frse-field  voltage  sensitivity  (FFVS)  of  the  glass  ceramic 
hydrophone  as  a  function  of  frequency  (at  24.5*0). 
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Table  1  -  Fro  pert  let**  of  glean  ceraalc  In  coaparieon  with  tftioee  of  fZT,  PVf 
anti  LI0SOa. 
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Abstract 

Grain  oriented  glass-ceramics  of  Li^Si^O. ,  fresnoite  (Ba^TiSi^Og)  and 
its  isomorphs  Sr^TiSi^O^  and  Ba^TlGe^O^  have  been  prepared  by  recrystallizing 
glasses  in  a  temperature  gradient.  Electromechanical  and  hydrostatic  piezo¬ 
electric  properties  of  these  glass-ceramics  vere  measured.  Piezoelectric 
voltage  coefficients  g^  and  hydrostatic  voltage  coefficient  g^  of  these 
glass-ceramics  are  comparable  to  those  of  PVF^  and  an  order  of  magnitude 
higher  than  the  corresponding  values  of  PZT.  These  glass-ceramics  seem  to 
be  attractive  candidate  materials  for  hydrophones  and  several  piezoelectric 
devices.  Hydrostatic  piezoelectric  properties  of  Ba2TiSi203  and  Ba2TIGe2C>3 
single  crystals  vere  also  measured.  The  unusually  high  values  of  g^  in 
fresnoite  single  crystals  and  glass-ceramics  are  supposed  to  be  due  to 
positive  d^  in  these  materials.  A  composite  model  has  been  proposed  to 
explain  the  positive  sign  of  d^  in  fresnoite  based  on  its  crystal  structure 
and  internal  poisson's  ratio  stress. 
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I.  Introduction 

Recently  a  new  technique  for  preparing  glass-ceramics  with  oriented 
crystallites  has  been  studied  extensively.^"^  In  this  technique  glasses  are 
recryscallired  -in  a  temperature  gradient.  It  was  shown  In  earlier  studies 
that  the  technique  is  suitable  for  preparing  inexpensive,  large-area  pyroelectric 
detectors  and  piezoelectric  resonators.  Using  this  method  we  have  prepared 
glass-ceramics  with  both  crystallographic  and  polar  orientation. 

The  glass  forming  systems  studied  include  Li^O-SiO^,  Li^O-SiO^-B^Q^  ’ 
SaO-SiO^-TiO^,  SrO-SiO^-TiO^  and  BaQ-GeO^-TiQ^.  Among  the  crystalline  phases 
recrystallized  from  the  glasses  within  these  systems  are  Li^BijQ- .  Li^B^O^, 
3a^TiSi^0g,  Sr^TiSi^Og  and  Sa^TiGa^Og'  One  or  more  of  these  crystalline 
phases  are  obtained  depending  on  the  composition  of  the  glasses.  All  these 
crystalline  phases  are  nonferroelectric  and  belong  to  one  of  the  ten  polar 
point  groups.  The  compositions  of  the  glasses  were  optimized  by  compositional 
variations  and  by  the  addition  of  various  modifying  oxides  to  obtain  glass- 
ceramics  with  good  physical  properties,  extensive  studies  have  been  carried 
out  to  optimize  the  piezoelectric  and  pyroelectric  properties  of  the  glass- 
ceramics  by  adjusting  the  composition  of  the  glasses  and  the  crystallization 
conditions. ^  ^ 

It  has  also  been  shown  that  the  polar  growth  behavior  of  the  crystallites 

from  the  glass  aacrlx  depends  on  the  original  composition  of  the  glass.  A 

glass-ceramic  is  essentially  a  composite  of  a  glassy  phase  and  one  or  core 

crystalline  phases.  Tor  glass-ceramics  containing  tvo  crystalline  phases , 

a  connectivity  node!  has  been  developed  based  on  the  principles  of  series 
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and  parallel  connectivity  models  ’  to  predict  one  piezoelectric  and  pyro¬ 
electric  properties  of  glass-ceramic  oomposites. 
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In  th«  present  study  the  hydrostatic  piezoelectric  properties  or  glass- 
ceramics  of  fresnoite  (Ba^TiSi^O^)  and  its  isomorphs  Sr^TiSl^Og  and  Ba^TiGe^O^ 
are  reported.  These  glass-ceramics  offer  several  advantages  for  hydrophone 
applications  as  will  be  discussed  in  a  later  section.  The  hydrostatic  piezo¬ 
electric  properties  of  Ba^TiSi^Og  and  Ba^TiGe^Og  single  crystals  were  also 
measured.  The  hydrostatic  piezoelectric  coefficient  d^,  hydrostatic  voltage 
coefficient  g^»  and  acoustic  impedances  of  these  materials  are  compared  with 
commonly  used  piezoelectric  materials  like  lead  zlrconate  tltanate  (PZT)  and 
polyvlnylidene  fluoride  [(CII^F^^  *  PVF  ] .  The  advantages  of  these  materials 
for  application  in  piezoelectric  devices  are  discussed.  Finally,  a  simplified 
model  based  on  the  principles  of  series  and  parallel  mixing  of  phases6  is 
proposed  to  explain  the  high  value  of  g^  in  fresnoite  single  crystals  and 
glass-ceramics . 


II.  Experimental 

Glasses  of  several  different  compositions  were  prepared  by  mixing  reagent 
grade  chemicals  and  melting  in  a  platinum  crucible.  Glass-ceramic  samples 
(approximately  1  cm  diameter)  with  oriented  crystallites  were  prepared  by 
recrystallizing  the  glasses  in  a  temperature  gradient.  The  details  of  the 
sample  preparation  technique  can  be  found  in  references  1-5.  X-ray  diffraction 
and  microstructure  studies  indicated  that  needle-like  crystals  grow  from  the 
surface  into  the  bulk  of  the  sample  along  the  direction  of  temperature  gradient. 

For  piezoelectric  and  hydrostatic  measurements,  sections  vere  cut  normal 
to  the  temperature  gradient,  then  polished  and  coated  with  sputtered  gold 
electrodes.  The  dimensions  of  the  finished  samples  vere  approximately  1  cm 
in  diameter  and  0.5  ma  in  thickness. 

The  dielectric  constant  (X)  and  loss  factors  of  the  samples  vere  measured 
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ac  a  frequency  of  1  kSz  using  an  automated  capacitance  bridge.*  The  piezo¬ 
electric  coefficient  was  measured  wish  a  d^-atcar.*  The  hydrostatic 
voltage  coefficient  vas  measured  by  a  dynamic  method  which  is  basically 
a  comparative  technique.  In  this  method,  a  PZT-5  sample  of  known  is  used 
as  a  standard.  After  the  sample  and  the  standard  are  placed  in  the  holder, 
the  chamber  is  filled  with  oil  and  a  static  pressure  is  applied.  A  function 
generator  set  to  the  desired  frequency  drives  an  AC  stress  generator  placed 
inside  the  test  chamber.  The  voltage  produced  by  the  sample  is  displayed  on 
an  oscilloscope  and  compared  to  the  voltage  produced  by  the  standard.  3y 
knowing  the  voltage  responses  and  the  dimensions  of  the  sample  and  the  standard, 
we  can  calculate  the  piezoelectric  voltage  coefficient  g^  of  the  sample. 
Corrections  were  made  for  the  stray  capacitance  of  the  sample  holder.  From 
the  measured  values  of  <*33*  3^  and  che  piezoelectric  voltage  coefficient 
3^3  *  d^/CgS  and  hydrostatic  piezoelectric  coefficient  ^  "  3v v*ra  cai* 
culatad.  The  electromechanical  properties  were  measured  by  resonance— 
antiresonance  technique  using  a  spectrum  analyzer.** 

Single  crystals  1  cm  in  diameter  of  3a-TiSi,0  and  Sa.TiGe.O,  were  grown 

Z  Z  o  Z  Z  o 

from  the  stoichiometric  melts  by  the  Czochralski  method.  Details  concerning 
the  growth  procedure  can  be  found  la  references  9—11. 

III.  Results  and  Discussion 

3. 1  Compositions  and  Crystalline  Phases 

The  compositions  and  crystalline  phases  of  the  glass-ceramics  are 
listed  in  Table  I  along  with  their  crystallization  temperatures  determined 

^Hewlett  Packard,  Inc.,  Palo  Alto  Calif.  (Model  4270a). 

+ 

Channel  Products,  Chestariand,  Ohio  (Mcdei  C?DT  33CO). 

^Hewlett-Packard,  Loveland,  Columbia  (Model  3535a). 
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from  exothermic  peaks  in  D1A  runs. 

Ic  was  noc  possible  co  obtain  glass-ceramics  with  reasonable  mechanical 
strength  from  a  stoichiometric  fresnoite  glass  composition  (23aQ-2SiQ2*Ti02) . 
The  glass  composition  giving  glass-ceramics  with  good  physical  properties  and 
optimized  piezoelectric  and  pyroelectric  properties  was  2  3aO-3  SiO^-TiO^ • 
Additions  of  a  small  percentage  of  ?b0,  CaO  and  SrO  helped  in  obtaining 
glass-ceramics  with  uniform  crystallization  and  good  mechanical  strength. 
Similarly,  the  optimized  glass  compositions  for  S^TiSi^Og  and  Ba^TiGe^Og 
phases  were  2  SrO-3  Si02-TI02  and  Ba0-Ge02-Ti02  respectively.  The  optimized 
composition  in  the  Li^O-SiO^-B^^  system  was  Li20-1.8Si02-0.2320g.  Crystal¬ 
lization  temperatures  of  the  glasses  ranged  from  50Q-950*C.  The  crystalline 
phases  of  all  the  glass  compositions  are  also  listed  in  Table  I. 

3.2  Electromechanical  Properties 

A  summary  of  electromechanical  properties  of  optimized  glass-ceramics  is 
given  in  Table  II.  Values  of  temperature  coefficient  of  resonance  (TC3.)  , 
measured  by  studying  the  variation  of  resonance  frequency  with  temperature 
for  radial  mode  are  also  listed  in  the  cable.  The  possibility  of  tailoring 
the  electromechanical  properties  by  varying  the  composition  and  heat  treatment 
make  these  glass-ceramics  attractive  candidate  materials  for  piezoelectric 
devices.  Temperature  variation  of  resonance  frequencies  can  be  further  reduced 
by  suitably  modifying  the  composition  of  the  glasses.3 

3. 3  Hydrostatic  Measurements 

The  measured  values  of  dielectric  constant,  and  g^  are  listed  in 
Table  III,  along  with  the  calculated  values  of  ^  an<^  Si^h'  *^e  ?T01?e7Z-as 

of  Ba^TiSi^Og  and  Ba^TiGe^O^  single  crystals  are  also  presented  in  the  table. 

.  A  comparison  of  the  dielectric  and  hydrostatic  properties  of  glass-ceramics 
with  the  corresponding  properties  of  PVT,  and  ?ZT  501A  is  given  in  Table  TV. 


The  values  of  g^  and  d^g^  of  glass-ceramics  ara  comparable  to  ?V7^  and  much 
higher  chan  PIT.  Although  cha  values  of  d--  and  d.  of  glass-ceramics  ara 

jw  3, 

comparatively  low,  cha  magnitudes  of  g^  and  g^  of  glass-ceramics  ara  high 
because  of  chair  low  dialaccric  conscanc  (3-10) .  A  discussion  of  cha  ad¬ 
vantages  of  chase  glass-caraaics  In  hydrophone  applications  will  be  given  la. 
section  3.3. 

3. 1  Acoustic  Impedance 

Acoustic  impedance  Z  can  be  calculated  from  the  relation  Z-oc,  whera 
o  is  the  density  of  che  material  and  c  is  the  velocity  of  sound  in  che  medium. 
By  measuring  che  thickness  mode  frequency  conscanc  of  che  material,  che 
velocity  c  can  be  calculated  by  che  relation  c«2X£.  The  values  of  density, 
velocity  and  acoustic  impedance  are  listed  in  Table  7.  The  corresponding 
properties  of  ?ZTf  F77^  and  a  number  of  commonly  'used  materials  are  also  listed 
in  che  cable  for  comparison.  A  discussion  of  these  properties  is  presented  in 
che  cent  section. 

3.3  Application  in  Hydrophones 

A  hydrophone  is  a  passive  device  used  as  a  hydrostatic  pressure  sensor. 

"or  hydrophone  applications,  che  commonly  'used  figure  of  merits  are  che 
hydrostatic  pieroelectric  coefficient  g^  and  d^g^.  "or  hydrophone  applications , 
che  desirable  properties  of  a  transducer  material  are 

1.  3igh  d.^  and  g^. 

2.  A  density  suited  for  acoustic  aacching  with  che  pressure  cransaiccing 
medium,  usually  water. 

3.  High  compliance  and  flexibility  such  chat  che  transducer  can  withstand 
mechanical  shock,  and  can  conform  to  any  surface. 


4.  No  variation  of  g^  with  pressure. 

PZT  ceramics  are  used  extensively  as  piezoelectric  transducers  despite 

having  several  disadvantages.  The  values  of  g^  and  d^g^  of  PZT  are  low  because 

of  Its  high  dielectric  constant  (^1300).  In  addition  the  high  density  of  PZT 
3 

7900  kg/m  )  makes  it  difficult  to  obtain  good  impedance  matching  with  water. 

PZT  is  also  a  brittle  ceramic  and  for  hydrophone  applications,  a  more  compliant 

material  with  better  shock  resistance  would  be  desirable. 

PVF^  offers  several  advantages  over  PZT  ceramic  for  hydrophone  applications. 

It  has  a  low  density  (1760  kg/m^)  and  is  a  flexible  material  and  although  it 

has  low  d^  and  d^,  che  dielectric  constant  of  this  material  is  low  enough  that 

large  values  of  piezoelectric  voltage  coefficients  g^  and  g^  are  possible. 

Overall,  this  combination  of  properties  seems  to  be  very  attractive  and  PVT^ 
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transducers  are  under  intensive  development.  However,  a  major  problem  in  the 
use  of  PVF^  is  che  difficulty  in  poling  PV72  sheets.  A  very  high  voltage  is 
necessary  to  pole  PVP^  (about  10  to  100  Jf7/m)  and  this  puts  a  limitation  on 
che  thickness  of  PVF^  chat  can  be  poled. 

To  overcome  these  problems,  a  number  of  composites  of  PZT  and  polymer  have 
been  studied  in  recent  years.  A  detailed  description  of  different  kinds  of 
composites  and  the  principles  involved  can  be  found  in  reference  13.  In  a 
composite  che  polymer  phase  lowers  density  and  dielectric  constant  and  in¬ 
creases  elastic  compliance.  Very  high  values  of  g^  and  d^g^  have  been  achieved 
with  che  composite  approach. 

From  Table  TV,  it  is  clear  that  che  piezoelectric  coefficients  d^  and 

d.  of  glass-ceramics  are  comparable  to  PV7  ,  but  much  lower  than  chat  of  PZT. 
a  l 

However,  because  of  low  dielectric  constanc  of  glass-ceramics  the  values  of 
g^  and  g^  of  glass-ceramics  are  much  higher  chan  chat  of  PZT.  Hence,  these 
glass-ceramics  will  be  'useful  in  passive  devices  like  hydrostatic  pressure 
sensors  where  g^  i3  more  important.  The  variation  of  with  pressure  was 
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measured  for  3la4s-cAraai.es  up  to  3  hpa.  Thera  was  no  significant  variation 
of  g^  with  pressure.  In  practical  use  3lass-ceraaics  nay  offer  several 
advantages  over  PTF^  and  other  ferroelectric  materials  for  application  in 
piezoelectric  devices. 

Since  all  these  glass-ceramics  are  nonierroelectric,  there  is  no  poling 

step  involved,  which  is  a  major  problem  with  PTF^*  There  will  be  no  problem 

of  depoling  or  aging  which  are  encountered  in  aany  ferroelectric  materials. 

Senca,  the  glass-ceramics  can  be  used  in  devices  operating  at  high  temperatures. 

Large  area  devices  can  be  prepared  by  routine  glass  preparation  techniques, 

and  hence  the  cost  of  the  device  can  be  significantly  lowered.  Since  acoustic 
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impedances  of  the  glass-ceramics  are  in  the  range  13-20  I  10  ray Is,  good 
acoustic  matching  can  be  obtained  with  metals  like  aluminum.  Non-destructive 
tasting  of  aircraft  metals  over  a  wide  temperature  range  is  a  possibility. 

These  glass-ceramics  also  look  attractive  for  use  in  devices  in  which  glass 
fibers  are  used  because  of  the  good  impedance  matching. 


17.  Sorolanatiou  for  the  51gh  7alue  of  in  3a.Ti3i^0j 

The  g^  values  or  Sa^iSi^g  and  Sa^iGe^Og  single  crystals  and  glass- 
ceramics  are  unusually  large  compared  to  ocher  piezoelectric  materials. 

An  explanation  is  offered  here  for  the  high  value  of  g^  based  on  the 
crystal  structure  of  fresnoite  and  an  internal  Poisson  ratio  stress. 


The  hydrostatic  piezoelectric  coefficient  d.  is  given  by  the  aquation 


A  »  4  ^  2  d 

a  33  "  a3i 


(1) 


For  ?ZT,  the  piezoelectric  d^  coefficient  is  Large  (*.130  pC/N)  ,  but  d.  is  Low 

because  the  3ign  of  d^  -3  positive  and  that  of  d^  is  negative  -205  pC/N)  . 

Moreover,  its  high  dielectric  constant  L300)  further  reduces  the  voltage 

I).  On  the  ocher  hand  for  fresnoite,  even 

though  i--  is  Low,  i.  is  slighclv  Larger  than  d.,  because  of  oositive  d,,  . 

jJ  n  ‘  bJ  j„ 


coefficients  g^  and  3^  (-able 


In  addition,  because  Che  dielectric  constant  of  fresnolce  is  very  low  OlO), 
the  value  of  becomes  exceptionally  high.  An  explanation  of  the  positive 
sign  of  d^  is  given  In  section  4.2  by  considering  the  crystal  structure  of 
Ba2TiSi2°3. 

4. 1  Composite  Model 

For  a  composite  consisting  of  two  phases,  one  dimensional  solutions  for 
dielectric  and  piezoelectric  properties  have  been  presented  for  both  series 
and  parallel  connectivity.^’ ^  In  a  number  of  composites  it  has  been  shown 
boch  theoretically  and  experimentally  chat  the  hydrostatic  piezoelectric 
coefficients  d^  and  can  be  increased  by  an  order  of  magnitude  over  chat  of 
single  phase  PZT.  Evenchough  ?ZT-polymer  composites  are  superior  to  single 
phase  piezoelectric  materials,  same  of  the  composites  were  not  as  sensitive  as 
expected  theoretically.  The  reason  for  this  is  an  internal  stress  arising  from 
Poisson's  ratio.  As  an  example,  consider,  the  internal  stress  in  composites 
prepared  from  P2T  fibers  and  a  stiff  polymer. 

Ia  a  1-3  PZT-polymer  composite  (Fig.  1) ,  the  PZT  fibers  are  aligned  along 
the  polar  axis  x^,  and  the  polymer  matrix  phase  is  self  connected  in  all  the 
3  directions.  Further,  the  PZT  and  polymer  phases  are  connected  in  series  along 
*1  and  x2  and  in  parallel  along  x^.  Since  che  two  phases  are  in  series  along 
x^  and  x2>  chey  experience  che  same  stress  o^.  This  assumes  chat  che  evo  phases 
do  noc  exert  forces  on  one  another  and  hence  internal  stresses  are  zero.  This 
assumption  is  noc  justified  for  composites  with  small  volume  fraction  of  PZT, 
where  interphase  stress  must  be  considered.  Thus  there  are  two  contributions 
to  d^  of  composite:  chose  arising  from  external  stress  and  chose  arising 
from  internal  stress.  In  che  aquations  which  follow  che  piezoelectric  coefficien 
d31’  vo^ua*  fraction  7,  elastic  compliances  s.,  and  s^  and  Poisson’s  ratio  j 
of  PZT  and  polymer  are  designated  with  a  superscript  1  ana  2,  respectively. 
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Considering  only  che  external  stress  o^,  the  polarization  P^  appearing 
in  tile  polar  direction  Is  given  by  the  following  equation 

?3  *  '*31*1  ■  (2) 

However,  if  internal  stress  is  considered,  a  correction  factor  should  be 
applied.  This  correction  arises  from  ?oisson's  ratio  and  will  be  referred  to 
as  the  Poisson's  ratio  stress. 

When  the  composite  is  stretched  along  x^,  it  contracts  along  x^  because 

of  Poisson’s  ratio.  This  contraction  is  controlled  by  the  compliance  and 

Poisson’s  ratio.  If  the  two  constituent  phases  do  not  contract  equally,  an 

internal  stress  is  generated.  The  magnitude  of  the  internal  stress  can  be 

estimated  by  assuming  that  the  two  phases  remain  sated  together,  or  that  the 

1  2 

strains  are  equal  along  x^  (  ■  c^)*  For  simplicity  it  is  assumed,  chat  both 

the  phases  are  elastically  isotropic  (s^  -  s^)  .  Under  these  assumptions ,  it 

l  • 

can  be  3hown  chat  the  internal  stress  on  PZT  phase  (  )  is  given  by 

11  2  2 

l-  ’  .  a  V  v  311  (3) 

Since  the  polymer  phase  is  generally  far  more  compliant  chan  PZT,  ^s^  >>  ^s^, 
while  che  Poisson’s  ratios  are  comparable.  Equation  (3)  chen  reduces  to 


S’  *  I 


-2  2  „ 
v  SU  1 


,uh-cW,u 


The  minus  sign  indicates  chat  che  internal  Poisson's  racio  stress  acts  oppositely 

to  che  applied  stress.  That  is  when  a  tensile  3cress  is  applied,  the  internal 
.  1  ’ 

'stress  acting  .on  PZT  is  compressive  and  vice  versa.  The  internal  stress 

I  ’ 

t „  produces  a  piezoelectric  efrar.c  by  coupling  through  coefficient  *i 
j  '  33 

*  » 

If  both  the  external  stress  ~  ,  and  the  internal  stress  ^  are  acting,  tne 
polarization  along  is  given  by 
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?3  ■  "AiV 


V433la3 


(5) 


The  first  tern  on  the  right  is  the  normal  stress  contribution  while  the 
second  term  is  due  to  ?oisson's  ratio  stress.  Coefficient  d^  of  the  composite 
is  given  by 


5  .!a_. 

31  ai 


Vd^.V  +1V1d„1a.' 


*31  1 


‘33  3 


(6) 


It  is  clear  from  the  above  equation  that  d^  is  greatly  Increased  due  to  the 
internal  Poisson's  ratio  stress.  Because  of  this  there  will  be  a  reduction  in 
the  magnitude  of  d^  (eq.  (1)),  lessening  hydrostatic  piezoelectric  sensitivity 
of  the  composite. 


4.2  Positive  d^  in  Fresnoite 

The  arguments  concerning  Internal  Poisson's  ratio  stress  can  be  used  to 

explain  the  positive  sign  of  d^1  in  Ba^TiS^Og  single  crystals,  based  on  a 

knowledge  of  its  crystal  structure. 

The  Ba^TiSi^Og  structure  consists  of  (Si^O^)^  tetrahedral  pairs  and 

(TIOg)6  square  pyramids  which  are  linked  to  give  flat  sheets  parallel  to 

{001}  planes.  These  sheets  are  bonded  together  by  3aZ+  ions.  The  structure 

can  be  visualized  as  made  up  of  chains  of  deformed  TiO,  octahedra  linked  to- 

0 

gether  by  a  stiff  silicate  matrix  as  shown  in  Fig.  2.  In  the  following 
discussion,  the  structure  will  be  considered  as  a  composite  of  two  phases: 
piezoelectric  phase  consisting  of  Ti0&  chains  'phase  1)  and  a  stiff  silicate 
matrix  which  is  non  piezoelectric  (phase  2)  as  shown  in  Fig.  3.  Ail  the 
properties  with  a  superscript  1  and  2  refer  to  phases  1  and  2  respectively. 
Again  for  simplicity,  elastic  isotropy  (s^-s^)  is  assumed  and  Poisson’s 
ratios  of  phases  1  and  2  are  assumed  to  be  comparable.  Further,  it  is  assumed 
that  the  piezoelectric  phase  1  is  much  more  compliant  than  phase  2,  so  that 
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33 


>> 


(7) 


and 


»  2  . 

M 


(3) 


Under  these  Assumptions,  the  In carnal  stress  dua  cs  Poisson's  ratio,  given  by 
aquation  (3)  reduces  to 


(9) 


The  polarization  along  ,  dua  to  both  asternal  and  internal  stresses  is 
given  by 


P  »  W^d  +  V^d 
*3  431  1  a33  4  3 

- 


(10) 


Sence  d^  of  composite  is  given  by 


1  lA 

v  d 


33 


(11) 


It  is  clear  that  d^  of  composite  can  be  positive  if  ^v^d^  >  ^d^.  =il® 
above  argument  is  true,  the  sign  of  d^  la  fresnoite  should  be  positive,  but 
its  magnitude  should  be  very  small.  The  positive  sign  of  d^  ia  fresnoita  was 
confirmed  by  measurements  with  a  d^-meter  and  the  magnitude  of  d^  was 
determined  as  1.3  pC/N  by  standard  resonance  techniques.  Per  most  of  the 
commonly  used  ferroelectric  materials  the  value  of  ^33/^32  approximately 
-3  whereas,  for  fresnoite  it  is  approximately  +3.  Prom  this  discussion  it  is 
clear  that  the  positive  sign  of  d^  can  be  attributed  to  an  internal  Poisson’s 
ratio  3tress  acting  in  the  same  direction  as  external  stress.  This  is  the 
origin  of  the  sizable  hydrostatic  sensitivity  of  3a,IiSi^03  and  3a,TiGe,0j  as 


well. 
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V.  Conclusions 

(1)  Ic  has  bsen  shown  chac  grain  oriented  glass-ceramics  in  the  SaO-SiO^-TiO^ , 
BaO-GeO^-TlO^  and  SrO-SiO^-Tif^  systems  can  be  prepared  by  crystallizing 
glasses  of  optimized  compositions  in  a  temperature  gradient. 

(2)  Magnitudes  of  hydrostatic  piezoelectric  coefficient  d^,  piezoelectric 
voltage  coefficient  g^  and  dielectric  constant  of  glass-ceramics  are 
comparable  to  the  corresponding  values  of  PVF^* 

5 

(3)  Acoustic  impedances  of  these  glass-ceramics  are  in  the  range  13-20 X  10 
rayls  and  hence  good  acoustic  matching  can  be  obtained  with  metals  such 
as  aluminum  and  commonly  used  glasses. 

(4)  An  explanation  is  given  for  the  high  value  of  g^  in  fresnoite  and  it3 
isomorphs,  based  on  the  principles  of  series  and  parallel  mixing  of 
phases  and  crystal  structure  of  fresnoite.  The  reason  for  the  high  value 
of  g^  in  fresnoite  is  the  positive  sign  of  d31  caused  by  an  internal 
Poisson's  ratio  stress. 


(1) 


13 


G.J.  Gardopee,  1.2.  Sevnham,  A.S.  Bhalla,  "Pyroelectric  Li^Si^O.  Glass- 
Ceramics  ,  ”  Ferroelectric*,  33.,  LS5  (1931). 

(2)  A.  ga  1 1 lya  l ,  a.  S.  Shalla,  1.2.  Hawaiian  and  L.2.  Cross,  ''3a^riGa^0^  and 
Ba2TiSi203  ?7*o«i*ccric  Glass-Ceramics ,  '*  J.  Mater.  Sci.  16,  1023  (1931). 

(3)  A.  Halllyal,  A.S.  Eha 11a ,  1.2.  Mewnham  and  L.2.  Cross  "?olar  Glass-Ceramics , " 
Ferroelectric*,  33,  731  (1981). 

(4)  A.  Halllyal,  A.S.  3halla,  1.2.  Mewnham  and  L.E.  Cross,  "Piezoelectric  and 
Elastic  Properties  of  3arlua  Canaan tun  Tlranate  and  Lithium  3orosilicate 
Glass-Ceramics,"  Ultrasonics  Symposium,  315  (1981). 

(3)  A.  Halllyal,  A.S.  3halla  and  H.S.  Hewndam,  "?olar  Glass-Caraalcs  —  A  Hew 
Family  of  Slecrrocaramic  Maearlals:  Tailoring  the  Piezoelectric  and 
Pyroelectric  Properties , "  Hat.  Has.  Bull,  (accepted). 

(6)  H. 2.  Mewnham,  D.P.  Skinner  and  L. 2.  Cross,  "Connectivity  and  Piezoelectric- 
Pyroelectric  Composites,"  Mat.  Res.  Bull.  13,  325  (1978). 

(7)  D.P.  Skinner ,  1.2.  Hewn ham  and  L.2.  Cross,"  Flexible  Composite  Transducers," 

Mac.  las.  3ull.  13,  399  (1978). 

(3)  S.7.  Lynn  "Polymer-Piezoelectric  Ceramic  Composites  with  3-1-0  Connectivity 

for  Hydrophone  Applications,"  M.S.  Thesis,  Pennsylvania  State  University  (1981) . 

(9)  H.  Schmid,  ?.  Genequand,  H.  Tippmann,  G-.  Poullly  and  3.  Guedu,"  Pyroelectricity 
and  Related  Properties  in  the  Fresnoite  Pseudobinary  System  Ba^TiGe-jO^- 
3a2TiSi203,"  J.  Mater.  Sci.,  12,  2237  (1978). 

(10)  S.  Haussudl,  "Growth  and  Physical  Properties  of  Fresnoite  3a.,Ci3i?03 , " 

Jr.  Crystal  Growth,  10 ,  200  (1977). 

(11)  M.  Riaura,  R.  Doi,  S.  Hanamatsu  and  T.  Rawamura,  "a  Mew  Piatoe.ectri; 

Crystal:  3a2Ce2Ti03,"  Aopl.  Phys.  Lett.,  23,  531  (1973). 

(12)  G.M.  Sesslar,  "  Piezoelectricity  in  Polyvinylidene  Fluoride."  J.  Accuse. 

Soc.  Am.,  70,  1596  (1981). 


14 

(13)  R.E.  Nevnham,  L.J.  Bowen,  K.A.  Slicker  and  L.E.  Cross,  "Composite  Piezo¬ 
electric  Transducers,"  Mat.  Engg. ,  2,  93  (1980). 


15 


Table  I.  Compositions  and  Crystalline  Phases 


Composition 

2BaG-3Si02-Ti02 
(1- 9BaO-0. !PbO)-3Si02-Ii02 
2B^0-0. 15CaO-2. 9Si02-Ti02 
1. 6BaO-0 . 4CaO-2 . 3Si02~Ti02 
1. 6BaO-0 . 43r0-3Si02-Ti02-0 . 2CaO 

2SrO-3Si02-Ti02 

(1- 3SrO-0 . 23a0)-2- 3SiO2-TiO2-0 . ICaO 
Ba0-Ce02-Ti02 

u2o-i.asio2-o.2a2o3 


Crystallloation  Crystalline 

Temp  (*C)  Phases 

930 
920 
920 
930 
930 

950 
940 

300 


Ba2IiSi2°3 

3a2IiSi203 

3a_TiSi.0a 

3a2TiSi203 

Ba2TiSi203 

Sr.TiSi.Q- 

S^TiS^Og 

Ba2TiGe203 


U234°7 


605,630 


Table  XI.  Electromechanical  Properties 


COMPOSITION 

k  tt) 
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kett) 
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TCR (Radial) 
ppm/*C 

Li20-1.8Si02-0.2B203 

15 

20-25 

1000-2000 

70-100 

2BaO-3Si02-TiO? 

14 

20-25 

1000-2000 

100-120 

Ba0-Ti02-Ce02 

6 

3-10 

2000-4Q00 

50 

2Sr0-3Si02-Ti02 

11 
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1000-1500 

50 
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Tabl«  17.  Comparison  of  Hydrostatic  Properties 

Glass- 

Property  Ceramics  ?TF^  P2T 

E 

d33ao*u  cm 
d31(io*u  cm 
d^io'12  cm 

g33(10"3  Vm/N) 

g.  (10'3  7m/N) 

^  -15  2 

dhgh(10  °  mVN) 


10  13  1300 

3-10  30  450 

+1.5  -13  -205 

3-10  10  40 

100  250  28 

100  100  2.5 

1000  1000 


100 


Table  7.  Comparison  of  Acoustic  Impedances 


DEHSITY 

Ocg/a-3) 


VELOCITY  2 

(a/ sec)  (10^  ray  Is) 


Fig.  1.  Internal  stress  in  a  composite  of  P2T  fibers  and  a  polymer. 

Fig.  2.  Simplified  crystal  structure  of  3a2TiSi20g. 

Fig.  3.  Composite  model  for  3a_TiSi_0a. 
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The  electrostrictive  properties  have  been  reported  previously  of  very  few 
materials  with  low  dielectric  constants.  Thev  can  be  measured  by  'using  cither 
the  direct  or  converse  electrostrictive  effect.  The  converse  effect  involves 
measuring  the  stress  dependence  of  the  dielectric  constant  of  the  material. 

The  direct  effect  is  measured  by  determining  the  strain  proauced  in  a  mater. a- 
by  an  applied  electric  field. 

The  hydrostatic  electroscriction  coefficients  of  several  fluoride 
perovsk.it-  single  crystals  were  determined  from  measurements  of  the  converse 
effect  using  hydrostatic  pressure,  tfon-linear  behavior  was  ooserved  in  the 
dielectric  conscattc-versus-pressuce  relationship.  This  indicate--  chat  hiuher- 
order  electroscriction  coefficients,  ,  are  significant.  Thu  cuac-i:.- 

*  V* 

hycrostntic  electrostriction  coefficients,  ,  of  the  fluoride  oer:  -jV.it. 
materials  ace  similar  to  those  of  ocher  fluoride  materials  s.icn  a r  an_ 

Car,.  This  comparison  suggests  chat  crystal  structure  is  lens  -;ar : 
determining  the  electrostrictive  propericas  or  a  simple  rater in*  cn^- 
kinds  of  ions  in  the  structure. 

An  ultrasensitive  dilacooecer,  which  had  beer,  previously  con.. -rue:-..  . 
modified  to  allow  correct  measurement  of  the  electrostriction  tou :  •  i .. * : 
single  crystal  materials  with  low  dielectric  permitivitties.  In  or-iu*  , 
obtain  reliable  results,  it  was  necessary  to  rigidly  mount  toe  crysta.  oe'.vuer. 
stiff  metal  electrodes. 

The  complete  electrostriction  tensor  of  Car.  was  calculates  true 
measurements  of  the  electrostriction  coefficients  of  single  ur***t.s'  c-. : 

perpendicular  to  the  (IOC)  ,  (110),  in;  (111)  crystal!  ogra-nic  di  -.c-.s  • 

These  measurements  were  u:;<*-c  i::  ton  -unct  .or.  wit  n  the  vc..:-?  t*  :  ->  • .  -os  ■  z : . : 


electrostriction  coefficient  obtained  from  the  literature  to  calculate  t re¬ 
values  of  the  electrostriction  censor  coefficients  »  and  M44  using  a 

least-squares  method.  The  magnitude  of  the  coefficient  is  similar  to 
chose  reported  for  alkali  halide  crystals.  The  values  of  Mm  and  M, .  are 
relatively  different  from  those  determined  by  previous  authors.  However,  the 
values  in  these  previous  papers  are  incorrect  because  of  a  calculation  error. 

Attempcs  at  measuring  electrostriction  in  sodium  chloride  were 
unsuccessful.  The  measured  electrostriction  coefficient  was  found  to  vary 
sharply  with  the  frequency  of  the  applied  electric  field.  Suosequer.t 
investigations  to  determine  Che  cause  of  this  behavior  were  carried  out. 
Electrostriction  measurements  were  performed  on  a  HaCl  crystal  which  had  been 
hot-forged  and  also  on  a  crystal  which  had  been  irradiated  with  neutrons. 

Both  of  these  measurements  in  addition  to  the  experiment.';  performed  on  Car-, 
suggest  chac  the  movement  of  charged  dislocations  substantially  increases  tne 
measured  electrostriction  coefficients  of  sodium  chloride. 

Measurements  of  ocher  physical  properties  of  several  fluoride  perovskire 
materials  were  completed.  The  measured  properties  include  thermal  expansion 
coefficients,  cemperacure  coefficients  of  the  dielectric  constants,  and 
elastic  constants.  Values  of  these  properties  were  used  in  conjunction  with 
ocher  published  values  of  properties  for  a  variety  of  materials  to  empiricall 
relate  electrostriction  to  ocher  physical  properties.  Power-law  relationship 
between  isothermal  compressibility,  thermal  expansion,  and  electrostriction 
were  demonstrated.  A  linear  relationship  was  observed  between 
electrostriction  and  the  pressure  coefficient  of  isothermal  compressibility. 
These  empirical  results  are  discussed  in  terms  of  the  theory  of  -inner -coni 


solids. 
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Abstract 

The  separated  electrostriction  tensor  components  have  been  measured  for 
single  crystal  calcium  fluoride  by  the  converse  effect,  using  a  specially 
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'“‘12  *  and  ^44  =  0.501  in  units  of  10_iC  m^/v^.  These  values  are  smaller 

than  those  observed  by  direct  measurement  of  electric  field  induced  elastic 
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The  quadratic  9 1 ec tro 3 cr ic c i effect  is  tie  basic  e i «c t r omec baa i c a  1 
coupling  phenomenon  in  all  centric  crystals  and  in  aaorpbons  insulators. 
Hydrostatic  el ec tro stric tion  coefficients  have  been  measured  for  a  number  of 
insulator  crystals  with  simple  centric  structures,  but  except  in  tie  case  of 
high  permittivity  perovskite  structure  oxides,  reliable  values  of  tbo 
separated  tensor  components  of  electrostriction  have  not  appeared  in  tie 
literature.  In  tie  case  of  tie  simple  alkali  halides,  even  the  signs  of  the 
coefficients  are  in  doubt1'"'^  and  there  is  considerable  uncertainty  as  to  the 
influence  of  the  dislocation  structure  upon  tbe  measured  values'^. 

There  are  two  alternative  experimental  approaches  to  tbe  measurement  of 
electrostriction,  tbe  direct  method  in  which  tbe  elastic  strain  induced  by  a 
high  electric  field  is  measured  directly  by  an  ul t ra-d i 1  a t om e t e r,  and  tbe 
converse  method  in  vhich  tbe  thermodynamically  equivalent  change  of  dielectric 
stiffness  under  mechanical  stress  is'  measured.  Both  methods  involve 
considerable  experimental  difficulty.  In  the  case  of  the  direct  method,  for 
normal  simple  low  permittivity  centric  crystals,  the  electrostrictive  strain 
levels  vhich  can  be  induced  by  a  realizable  high  electric  field,  are  only  of 
Che  order  10  so  that  in  millimeter  thick  crystals  displacements  of  the  order 
of  10  cm  (0.1  A)  must  be  measured  with  some  precision  so  as  to  establish 
reliable  values  for  the  separate  coastants.  For  the  converse  methods,  the 
aeed  for  sensitivity  is  now  transfered  to  the  dielectric  measurement.  Modern 
measuring  systems  like  the  General  Radio  1620  bridge  do  have  the  sensitivity 
and  stability  required,  but  aov  there  is  also  need  for  very  precise 


temperature  control  and  the  requirement  to  establish  a  truly  uniaxial  stress 
upon  the  sample. 

In  this  work,  the  converse  nethod  of  measurement  is  used  to  measure  :he 
separated  compoueats  of  the  eieotrostriotioa  tensor  for  calcium  fluorite. 


Sasic  principles  of  the  method  are  discussed  in  Section  2.  A  brief  discussion 
of  the  design  of  a  special  uniaxial  compression  jig  is  given  in  Section  3,  and 
data  for  the  calibration  of  the  system  is  presented  in  Section  4.  Measured 
data  for  three  orientations  of  the  Car*  srystal  are  presented  and  analysed  in 
Section  3  and  the  resnlts  of  measurements  discussed  in  Section  6. 


2 .  Basic  Principles 

The  constitutive  equations  defining  the  phenomenological  interaction 
between  dielectric  and  elastic  properties  may  be  derived  from  ■>  Gibbs  free 
energy  and  from  the  elastic  Gibbs  function  in  the  forms 


xij  *  s  ij kl^kl  *  5Iaoij^n£o 


'ijkl^kl  +  ^noij^nPo 


(1) 


(2) 


where  x  —  and  X  —  are  the  components  of  the  elastic  strain  and  elastic  stress, 
respectively.  Ea,  PB  the  components  of  electric  field  and  electric 
polarization.  s—^  the  elastic  compliance  tensor  under  the  appropriate 
boundary  condition  (constant  E  or  constant  P),  M  _  ■  ■ ,  Q  .  , .  the 

SO  1  J  SO  1  J 

coefficients  in  voltage  and  in  polarization  notation 


respect ively. 

From  equations  (1)  and  (2),  ^aoij  iad  ®noij  aaF  '5e  defined  by  the 
relations 
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and  by  application  of  the  Maxwell  relations  to  equations  3'  and 
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vhcre  tad  are  the  components  of  tie  dielectric 

dielectric  suscep tub  il i ty  respectively.  It  may  be  noted  tint 
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and  tie  aeasaremeat  of  eitier  <3  or  51  can  be  accompl  isied  by  tie  measurement  of 
tie  change  of  permittivity  nader  tie  appropriate  stress,  vaich  itself  can  be 
related  to  tie  change  of  electrical  capacitance  for  a  suitably  shaped  sample. 


3 .  DC  Compression  Tit  for  Capacitance  Measurements 

Tie  scheme  of  tie  DC  compressometer  is  outlined  in  Figure  1,  *cich  shovs 
in  projection  tie  main  parts  of  tie  sample  bolder  sad  of  tie  system  for  stress 
application.  Tie  system  is  designed  to  see?  tie  pressure  homogeneous  ini 
strictly  uaianiai.  tie  temperature  stable  for  tie  period  of  i  measurement,  mu 
tie  connections  to  tie  sample  capacitance  three  tera.nal  ind  complete.;* 


elec 


ally  guarded. 


Ilia  uniaxial  stress  is  derived  frost  a  dead  weight  and  is  applied  to  the 


sample  through  a  suitable  lever  am.  In  the  pressure  cell,  ram  extenders  are 
made  from  the  same  crystalline  material,  cut  in  the  same  orientation  as  the 
crystal  sample  under  test.  A  very  thin  mylar  gasket  is  used  between  crystal 
and  crystal  ram  surfaces  to  take  up  any  surface  roughness.  Complicated 
thermostatic  control  was  not  needed  as  it  was  found  that  the  thermal  capacity 
of  the  massive  stressing  jig  was  sufficient  to  smooth  out  any  minor  changes  in 
the  ambient  in  the  thermostatically  controlled  clean  room  environment  used  for 
the  measurements.  All  signal  leads  are  coaxial  and  the  design  is  such  that 
there  is  not  direct  capacitance  path  other  than  through  the  sample. 

A  general  view  of  the  compressometer  and  associated  equipment  is  shown  in 
Figure  2.  For  measurement  of  the  capacitance,  a  General  Radio  1621 
capacitance  measuring  assembly  was  used.  This  very  high  precision  three 
terminal  bridge  provides  stability  and  sensitivity  quite  adequate  for  the 
electrostriction  measurement  under  reasonable  stress  loadings  well  inside  the 
elastic  range  of  the  CaFj. 

4 .  Calibration  Measurements 
d.i  siaa  tic  Stress 

The  compressive  stress  system  was  calibrated  using  a  range  of  dead 
weights  and  replacing  the  sample  with  an  Instron  automatic  load  cell.  In  all 
cases,  the  pressure  transfer  from  the  lever  arm  was  in  excellent  agreement 
with  the  lever  principle,  and  the  error  in  the  force  was  less  than  O.i*. 

4.2  Temperature  Stability 

To  test  the  thermal  stability,  the  sample  was  replaced  »  ;*.l  a  similar 
size  sodium  chloride  crystal  with  known  temperature  coefficient  of 
capacitance.  After  the  holder  had  come  to  thermal  equilibrium  several  hours 


after  loading,  tie  capacitance  stability  »js  explored.  Maximum  excarsioa  dc/c 
due  to  thermal  drift  en  0,6  ppM/ain  out  under  ^uiet  conditions  aoraai  drift 
rat as  were  such  less  tiaa  3.3  ppM/aia  sore  tiaa  an  order  of  magnitude  smaller 
than  the  capacitaace  change  dae  to  pressure. 

4.3  Electrical  Stability 

After  careful  cleaning,  the  direct  capacitaace  of  the  holder  itself  is 
less  than  20  a F  and  the  intrinsic  conductance  naaeasurable  oa  a  scale  where 
the  smallest  iacreaeat  is  1  x  10  '  nr.  “or  the  electrostrictioa  aeasnreseat, 
the  bridge  was  operated  at  1  c3  z  with  an  applied  drive  of  30  volts. 
Ele ctroaagaeeic  scree aiag  was  sufficiently  perfect  to  prevent  any  observable 
perturbation  from  external  electrical  noise. 

4 . 4  Mechanical  Vibration 

Mo  difficulty  was  experienced  due  to  aechanical  piciap,  nonetheless,  the 
system  was  operated  on  an  air  suspended  table  as  is  evident  in  Figure  1. 

Considering  worst  possible  combinations  of  all  external  perturbations, 
the  capacitance  resolution  is  better  than  1  ppM  and  the  absolute  resointion  of 
capacitance  change  dc  is  or  order  2  iF . 


5 .  Measurements  on  Calcium  Fluoride 

In  these  measurements,  the  dependence  of  the  dielectric  permittivity  upon 
uniaxial  stress  is  determined  from  the  capacitance  change  of  a  dish  shaped 
sample  under  homogeneous  uniaxial  pressure.  In  order  to  separate  the  teusor 
components  M ,  ^ ,  M .  ,  and  for  a  centric  cubic  crystal,  a:  least  three  and 

preferably  four  neasareaeuts  a  a  s  t  be  a  a  d  e .  I  .a  our  case,  it  *is  chosea  to 
aeasure  the  capacitaace  :haa?e  for  uniaxial  oressare  aonli ed  ocraal  to  the 
a;  or  : 


a 


aces  of  ii 


face.  la  each  case  because  of  the  jeonetrv,  the  measuring  field  was  beiag 


applied  along  the  stress  direction.  Values  for  the  hydrostatic  coefficient 

r  A\ 

were  taken  from  the  literature  . 

Using  the  equations  for  rotated  cuts,  it  is  simple  to  show  that  the 
general  equations  reduce  to 


1  3C 


Mh  *  M11  +  2*12  *  “2”  [(c  3 ^h  ~  (S^ 


(9) 


M100  *  *11 


*0*  1  3C  T  T 

~2~  (C  ai)l0°  ~  ;*n  ~ 


(10) 


,  111  *o*  1  3C  It  t  . 

*110  -  2  *11  -  2  M12  *  4  -  1“  C<c  JX>11 0  -  2  (>44  "  2*12)J  (2I) 


f  1  2  1  eo8  1  3C  1  T  T  r  , 

Mlll  "  3  *11  +  3  *12  *  3  *44  *  "3"  ^(C  31  * m  *3  ( 2*44"*ll"2*12) ]  (12) 


From  equations  (9)  to  (12)  the  matrix  components  M,^,  and  M^4  for  the 

electrostr ict ion  constants  can  be  deduced.  They  are  related  to  the  tensor 

components  by  W^l  ”  *1111*  *12  ”  *1122*  *44  *  ^*1212" 

Samples  of  calcium  fluoride  siagle  crystal  of  high  purity  optical  grade 
were  purchased  from  Earshaw  company  and  prepared  ia  the  fora  of  flat 
cylindrical  plates  23  am  ia  diameter  1.5  mm  ia  thickness.  Plates  with  (100>, 
<110>  and  <111>  directions  normal  to  the  major  surface  were  prepared,  three 
samples  of  each  orientation  were  prepared,  two  beiag  used  3s  pressure  raa 
extenders  and  a  central  sample  for  dielectric  measurement. 

Electrodes  for  the  capacitor  sample  were  evaporated  gold  or  aluminum,  the 
guard  region  was  16  mm  ia  diameter  and  the  guard  gap  less  than  0.2  mm. 
Contact  strips  for  guard,  guarded  electrode  and  counter  electrode,  were  carried 
over  onto  the  edge  of  the  sample  by  evaporation  through  specially  machined 
masks.  Guarded  radial  electrodes  make  contact  with  these  contacting  tabs. 

I 


All  aetturtaiacs  wars  aids  a:  22°C  (room  t e ap s r a  tars ) .  Capacitaace 
chaage  on  bo ch  loadiag  aad  aaloadiag  was  taJcea  to  reduce  tie  influence  of  slow 
thermal  drift.  Capacitance  aeasureaaats  ware  at  1  i3z  viti  30  volts  applied 
to  tie  5JL  1521  aeasuriag  system.  A  typical  graph  for  capacitaace  chaage  oa 
loadiag  aad  oaloadiag  is  given  ia  Figure  3  for  a  <200>  orieaeed  sample,  aad  a 
correspoudiag  curve  for  a  <120  sample  ia  Figure  -l.  From  aeasureaaats  for  a 
saqueace  of  differeat  load  levels,  tie  capacitaace  chaage  2c/ c  for  pressures 
frost  0  to  20  bar  were  constructed.  It  aay  be  noted  that  the  <130>  oriented 
sample  increases  ia  capacitaace  while  <IiO>  aad  <lil>  orientations  decrease  ia 
capacitaace  with  increasing  stress. 

Using  a  value  for  5(^  »  1.017*10  ■'-1  a"/v~  tie  slopes  of  the  curves  ia 
Figure  5  give 

M11  *  -0.132  *  10'20  a2/*2 

M12  -  *  0.117  x  lO"20  m2/v2 

M44  »  *0.507  x  10'20  a2/ v2  (i.e.,  -  -0.123  x  10-20  a2/v2 

5 .  Discuss  ion 

The  major  potential  sources  of  error  ia  these  measured  values  are 
temperature  drift,  side  lead  aad  fringe  field  capacitaace  aad  lac'x  of 
uniformity  and  homogeneity  ia  the  applied  stress. 

For  the  first  two  terms,  the  estimated  total  error  is  less  than  3*i. 

It  is  difficult  to  estimate  the  effect  of  deviations  from  the  ideal 
stress  distribution,  but  successive  measurements  an  the  same  orientation  after 
removing  aad  replacing  the  sample  are  repeatable  to  better  than  -  o^s.  Direct 
measurements  on  similar  samples  v h i o h  will  be  reported  elsewhere  give 
significantly  higher  values  for  the  M :  .  and  we  have  no  explanation  for  one 


discrepancy.  In  favor  of  these  measurements  by  the  indirect  method  one  may 
site 

(a)  The  el  ectric  field  levels  are  low  so  that  there  is  no  effect  from 
Maxwell  stresses  which  perturb  the  direct  method. 

(b)  The  dielectric  change  is  directly  proportional  to  the  stress,  so 
that  inhoeiogene ity  in  the  stress  system  tends  to  average  out.  In  the  direct 
method  however,  the  strain  is  proportional  to  the  square  of  the  electric  field 
and  thus  inhomogene ity  in  the  field  distribution  will  always  tend  to  enhance 
the  strain  leading  to  spuriously  high  values  of  the  M  — ^  coefficients. 

Unfortunately  as  yet  there  is  no  reliable  quantitative  theory  for 
electrostriction  in  fluorite  structure  crystals  so  that  it  is  not  possible  to 
decide  the  merits  of  the  two  methods  on  theoretical  grounds. 

In  general  it  may  be  noted  that  while  the  fluorite  structure  compounds 
are  more  polarizable  and  have  higher  dielectric  permittivity  than 
corresponding  alkali  halides,  they  are  mechanically  significantly  stiffen  and 
have  lower  thermal  expansion.  Thus  in  view  of  the  general  correlations 
observed  between  elastic  and  thermal  expansion  properties  and 
electrostriction^,  it  would  be  expected  that  the  fluorite  structures  would 
have  lower  magnitudes  of  electrostriction  than  the  alkali  halides,  supporting 
the  data  values  observed  here  by  the  converse  method. 

In  conclusion,  we  believe  that  the  converse  method  of  measurement  is  a 
powerful  technique  for  determining  the  sign  and  the  magnitude  of  the  separated 
electrostriction  tensor  components.  The  results  for  calcium  fluoride  are  in 
accord  with  general  expectations,  but  are  significantly  lower  than  recent 
values  measured  by  the  direct  method.  '»e  are  in  the  process  of  designing  a 
new  sample  holder  for  direct  measurements  which  will  eliminate  any  possible 
perturbation  from  flexural  strain  induced  by  tnhortog  ene  i  ty  in  the  electric 
field  and  are  also  developing  a  refined  theoretical  approach  using  techniques 


viici  have  been  applied  successfully  to  tie  determination  of  electrostrictioa 
constants  ia  perovskite  structure  halides'^. 
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ABSTRACT 


la  cilia  ches  is  ,  the  development ,  cons t  rue  cion  and  experimental  use 
of  a  vary  sensitive  capecitance  cypa  AC  dilacomeeer  is  presented.  The 
need  for  the  instrument  arose  from  the  requirement  to  be  able  :a  evaiu- 
ace  low  level  AC  mechanical  displacements  produced  in  che  paraeleccrlc 
phase  of  a  ferroelectric  material  under  AC  electric  field  through  the 
eiectrostrictive  coupling  between  dielectric  polarization  and  lattice. 

The  design  of  che  instrument  van  baaed  on  an  earlier  ultra 
sensitive  dllatometer  of  Ochino  and  Croaa  (1980).  A  most  important 
modification  is  the  replacement  of  a  DC  servo  system  in  their  instrument 
by  a  thermal  expansion  compensation  mechanical  bridge  (TZCMB) ,  which 
permits  che  instrument  to  be  used  at  high  sensitivity  over  a  tempera¬ 
ture  range  from  2Q*C  to  2Q0*C. 

The  instrument  was  calibrated  using  the  icacvn  piezoelectric 
effect  in  a  standard  quartz  crystal  and  maximum  sensitivity  better  than 

9  •  1  ^ 

0.05A  (3  x  10  meters)  was  obtained.  Measurements  on  eiectrostrictive 
lead  magnesium  niobace-iead  titanata  (?MN-?T)  ceramics,  which  have  beer, 
previously  evaluated  by  strain  gauge  methods,  confirm  this  sensitivity. 

The  major  effort  has  been  directed  to  measuring  the  electroscric- 
cive  constant  for  single  crystal  3ali03  over  a  temperature  range 

from  125*C  to  190*C.  These  data  clearly  show  and  resolve  tr.e  ccr.crovers 
aseoeiaced  with  earlier  conflicting  data. 
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ABSTRACT 


The  eleccroscrictive  effect  in  Sr  g-|3a  3 gNb 2^5  ^as  ^eer- 
scudied  over  a  wide  temperature  range  in  the  paraelaccric 
region  by  direct  measurement  using  an  A.C.  capacitance  diia- 
comecer.  The  dielectric  properties  in  both  the  polar  and 
non-polar  directions  have  been  thoroughly  investigated,  and 
procedures  for  measuring  all  six  components  of  the  elaccro- 
strictive  censor  by  direct  methods  are  described.  Measured 
values  for  3 ,  Qjj  ,  and  coefficients  are  reported, 
followed  by  a  discussion  of  the  nature  of  direct  measurement 
of  eleccroscriccion  in  relaxor  ferroelectric  materials. 
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ELECTROSTRICTION  AND  ITS  RELATIONSHIP  TO  OTHER  PROPERTIES  IN 
PEROVSKITE-TYPE  CRYSTALS 


K.  RITTENtlYER,  A.S.  3HALLA,  Z.P.  CHANG  AND  L.E.  CROSS 
Materials  Research  Laboratory,  The  Pennsylvania  Scare  Univer- 
sicy.  University  Park,  PA  16302 

Abac race  Measurements  of  the  fourth  and  sixch-order  electro- 

scriccion  constants  iiave  been  performed  on  several  fluoride 
perovskice  single  cryscais.  The  results  are  compared  with 
those  observed  in  ocher  similar  materials,  ana  the  relation¬ 
ships  aoeveen  eleccroscriction  ana  some  physical  properties 
are  examined. 


INTRODUCTION 

In  a  previous  paper^,  ue  presented  measurements  of  the  hydro- 
scatic  eleccroscriction  constants,  Q,  ,  of  several  perovskice  type 
single  cryscais  based  on  fluorine  octahedra  rather  chan  Che  oxygen 
occahedra  on  which  all  of  etie  perovskice  ferroeiectrics  are  based. 
These  fluoride  perovskices  (KHaFy  IRIgF^,  KCa F^,  and  KZnFj)  which 
are  a  lowered  charge  analog  of  the  oxide  perovskices,  were  found  to 
iiave  eleccroscriction  and  dielectric  properties  similar  to  chose  of 
ocher  fluoride  cryscais  such  as  Lit'  and  CaF,.  In  this  paper,  we 
present  measurements  ot  some  physical  properties  of  incerest  and 
further  comparisons  are  made.  First,  a  description  or  che  various 
effects  is  necessary. 


ELECTROSTRICTIOH 

Detailed  phenomenoiog u;il  descriptions  of  the  properties  of 

linear  dielectrics,  including  quadratic  e iec c ros c r ic t ive  effects 

) 

have  been  ci/en  elsewhere".  i'he  niciier  order  effects  are  derived 
here  keen  i  tic  >o  ly  che  terms  necessary  for  tills  discussion.  The 
total  Nii.hs  function  can  de  written  in  terms  or  the  variaoies 
scress,  X,  ,inu  polarization,  i1,  as 


[535 1/209 
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where  x  Che  inverse  die  Lee  c  r  ir.  suscepc  ib il icy ,  referred  C  n 

from  here  on  simply  as  suscep cib ilicy  ,  q.  is  che  eieccroscric cion 

*  J 

censor,  s..,,  is  che  elastic  compliance  censor,  and  t.  ,  is  che 
ijkl  r  tjklon 

sixth-order  eleccroscriccion  cera  relevanc  co  our  measurements. 

Since  most  materials  dealt  wich  here  are  cubic,  ail  censor  nocaciun 
will  be  shortened  in  che  usual  manner. 

In  ciils  work,  che  converse  eleccroscrictive  effect  is  used, 
by  differentiating  equation  (1;  twice  vie!)  respect  co  polarization , 
an  expression  for  die  suscepelbilicy  is  found: 

H  m  #x  •  «£f>  ■  *  »t*  *  -h^jV 

3Pt 

3y  caking  che  next  cwo  derivations  and  evaluating  -it  zero  stress, 

definitions  for  Q..  and  b...  coefficients  are  found  co  be, 

3X.IJ  12^ 

Qij  "  2  "i]k  "  Z  (vX.  5:ck)  !3) 

Under  a  hydroscacic  stress,  a  combination  of  cransverse  and  uniaxial 
effects  occur.  Recalling  chat  susceptibility  and  dielectric  con- 
3tanc  are  reiaced  by 
l 

*  "  (K-l)e 

O 

we  can  define  coefficients  )}j  and  for  elect  rose  r  ic  c  ion  under 
hydroscacic  pressure  p  as: 
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The  first  sec  oc  equaiicies  show  which  censor  coefficients  are 
involved  and  the  terns  of  the  riguc  give  the  relationship  to  the 
pressure  derivatives  of  Che  dielectric  constant.  Details  of  these 
kind  of  measurements  have  been  given  prev  iously ^  ^ .  Measurements  to 
separate  the  various  tensor  coefficients  are  difficult  and  has  been 
done  for  few  solids. 


RESULTS  A11D  DISCUSSIONS 

Measurements  of  Dieleccric  Constant  Versus  Pressure 


Results  oc  these  measurements  snowed  a  slighcly  non- Linear 

re lacionsuip  becween  k  and  pressure.  O  and  b,  can  bu  calculated 

h  h 

using  equation  (1)  and  (5)  from  the  quadratic  polynomials  fitted  to 

cue  data.  The  results  are  given  in  Table  I  along  with  values  for 

other  crystals.  As  mentioned  previously,  the  Q,  values  are  similar 

h 

to  Chose  of  ocher  fluoride 

crystals,  and  are  an  order  of  Table  I.  0.  and  th.  values  for 


magnitude  larger  chan  the  oxide 

oerovskices.  The  values  of  t>, 

a 

for  KIInF^  and  KCaF^  have  noc  been 

corrected  toe  pressure  dependence 

jX-r 

of  Che  compressibility,  (-; — ). 

ap 

The  lew  pressure  compressibility 
is  known,  however,  so  the  error 

a  XT 

caused  by  neglecting  -e — ,  which 

jp 

typically  accounts  Cor  less  chan 

cen  oercunc  of  ,  will  be  small 
h 

compared  co  die  error  in  the 

measurement.  The  values  of  !>, 

li 

ore  essential ly  constant  over  a 
wi.de  vartecy  of  oxides  and 
fluorides.  Only  the  aLkali 


several  fluoride  perov- 
skites  and  other  relaced 
single  crystals. 

cnc  c sr  Ccme  5cl.CS 

'letn  ql  3,  ■»  C  J  K  "  1 

her  0.  53  i. :  ‘ 

Li?  0.  iQ  i. : 
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chlorides  and  bromides  seem  to 
show  significantly  different 


ftUUtliU  litallM.1 


212/ [538] 

iC.  aiTTSNtffZR,  A. 5.  3HAU-\,  2.?.  ChAiiG,  L.E.  C20SS 

values  for  ^  .  This  indicates  chat  $  is  principally  a  function  of 

anion  siza  rachar  chan  crystal  scruccure  or  ionic  charge.  the  one 

d\T 

exception  may  be  KMn/,.  The  correction  factor,  — —  ,  would  have  to 

J  OP 

be  much  larger  ciian  in  die  "Cher  fluoride  cryscnls  to  accotmc  for 

che  larger  non- Linearity.  Since  <IinF^  undergoes  a  structural  trans- 

icion  ac  1 S  6  *  ”  which  causes  a  consideraole  anomaly  in  che  elastic 
4 

conacanta  ,  Lc  is  noc  inconceivable  chac  this  is  indeed  die  case, 
however,  die  larger  value  of  i  could  also  be  a  reaulc  of  a  non- 
ilnear  decrease  of  soft-mode  frequency  with  increasing  pressure. 

Measurements  of  Oieiectric  Constant  as  a  function  of  Temperature 

These  measurements  were  carried  out  from  3-i00"C  in  a  computer 
controiled  system  described  previously^,  for  KIIgFj,  KZnF^  and  iiCaF^. 
The  results  for  KllnF^  liave  been  reported  previously.  The  data  for 
Kllgfj  is  shown  in  Figure  L.  The  ocher  mensn remen ts  are  similar 

showing  a  siighciy  uon-iinear 
increasing  dieieccric  cnnscanc 
with  increasing  temperature. 

Id  ' 

Hie  non- l.i near i ty  in  these 

/  measurements  is  similar  to  that 

of  die  pressure  measurements  X 


The  values  of  die  temperature 

coefficients  of  dielectric  con- 
1  dK 

scant,  —  — ,  are  Listed  in 
X  dl 

Table  IT  aionr,  with  values  for 
"  similar  crystals.  Unlike  cue 
uressnre  coef f  if  uvics,  these 


Figure  L.  I’loc  of  <  vrsus 
ti-mncracure  Lor 


tempera  cm re  co«i  1  iciunts  ire 
in  rdi-r  or  m.-ign  i  tuue  smai.er 


di.m  'dior 


.ini  ire.  in  met.  sui.-ir 


mat  of  quartz.  The  therm; 


a  .spans  ion  .oar:  .  .  u-i  c.-> 
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account  tor  only  a  fraction  of  Tabid  II.  Dielectric  conscanc  and 

......  „  ,  ics  temperature  coetfi- 

chis  ditference.  Due  to  cite  _  _  „„„„  _ 

cienc  ac  constant  pres- 

soct-mode  behavior  ac  small  sure  and  volume, 

waveveccors,  the  temperature  -£^  cc£?_  QF  Q[£ L£,;r?!C  CGNS* 

coefficient  for  oxide  perovsktes 

Crystal  <  (;  J)  >HT 

are  orders  of  macnitude  Larger  - - 

'taf  5.1  2. 3  ..a  ‘  -3.*: 

Relaeionshio  Between  0,  and  Li r  3.3  2.*  3.3! 

Ocher  Properties  'laCL  3.3  3.2  3 


The  relationship  between 
properties  such  as  dielectric 
conscanc,  thermal  expansion, 
and  second  and  third-order 
elastic  constants  becomes 
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id  low  frequency 

d  ie  lee  cr  i-c 

con- 

scants  respectively,  and  and  W  arc  respect  iveiv  the  longitu¬ 

dinal  opcic  and  cransverse  upcic  mode  frequencies  at  lony  wavelenchs, 
and  the  definition  of  volume  iso  c  hernia  I  compressibility 

XT  “  v  dp^f  ( ' 


where  V  is  the  sample  volume,  the  loi  lowing  expression  for  Q.  can 


bo  derived: 


It  (K-lT 

o 


U),i  I’O.i 


where  i,  .  .  and  ,  .  reoresenc  tlio  iuuic.iled  comma  :.>r  each  no<ie 

Li),  t  TO ,  i 

•  >c  cite  a  versus  k  Jispersiou  relation  at  lorn;  wave  Lengths.  .hese 
are  specific  cases  of  the  general  mode  <amma  at  wavevcCtor  k 
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defined  by 


YtOO 


du^Oc) 

dV 


(9) 


where  i  indicates  which  branch  of  che  dispersion  relation  is  being 
considered.  Y  la  similarly  defined  as 

CO 

V  aK- 

-T”  (10) 


(lelacionshiD  3ecween  0,  .  :<  and  <_ 

. —  - *h — ^ - AT 

If  che  mode  gammas  are  considered  co  be  independent  of  and 

K,  Chen  che  proportional  re  lacionships 
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1 
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and  Q. 
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<X 


XT 


(11) 


Uchino6,  using  ferroelectric*  as  examples  of  low  Q  materials, 
found  die  empirical  cvljciuttship 

Q„  *  K*U2  and  Qh  «  X?'7  •  ■ '  *> 

Using  che  3om  expression  for  lacctce  energy, 

U(r)  -  ~  ~  (13) 

r  r‘ 

where  a,  che  3om  exponent,  has  i  value  beeween  3  and  10  for  die 
materials  considered  here,  he  derived  die  theoretical  rela c ionsuips 

Q.  a  and  0,  *  '<  .  (14) 

u  'h  'r 

In  Figure  2,  (})(  is  plotted  is  a  inaction  of  dielectric  conscanc. 

The  upper  iiue  indicates  a  re l.i c  i ousli ip  Lika  that  of  Uchino  fsqu. 
12).  A  siope  of  -I  is  a  ‘.•oiise'iuence  of  the  Curie  1'eiss  law  for 
pressure  and  the  result  in  (Li)  is  expected.  flu*  lower  Line  has  ao 


significant  siope  in  ucreemunt  with  enuuciou  L*.  The  oo'noressi* 
biiitv  plot  (Flu.  );  f  >c  .•riioarv  solids  has  ;  s!  'no  a*  ).  /  com¬ 


pared  to  U.T  when  ;  rrujij.,  ;  ;■  l. 


■nacur  iuIs  arc 


m eluded • 
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Figure  2.  Log-log  ploc  of 

dielectric  constant 
versus  Q(,  for  a  vari¬ 
ety  of  crystals  #- 
oxide  perovshite; 
A-Ciuocide  perovskice, 
O -diamond- type  cry¬ 
stal  ;  O-alkul  i  lialide; 
O-fluorite-type  cry¬ 
stal  ) . 


Figure  3.  Lop-log  plot  of  volume 
compressibility  versus 
Qj,.  (nutation  is  same 
as  in  Fig.  2  except: 

-* — flgO )  . 


In  Figure  4,  relative  change  in  compressibility  with  pressure, 
l  ^T 

- - : — .  which  is  a  combination  of  second  and  third  order  elastic 

X-j  op 

constants,  is  nlocced  against  o.  .  A  strict  linear  relationship 

11 

of  the  form, tor  p  in  M/m* , 

10  l 

>1  -  0.  13  +  1,3  (10  — - -) 

ll  XT  dp 

is  demonscratud.  This  shows  a  clear,  simple  relationsnip  between 
two  cnicd-order  juiiarmouic  et  loots. 


Relationship  Between  0^  and  Tlicrm.il  Expansion  la.J 

Grunuiseii's  theory  was  originally  lormulated  to  explain  thermal 
expansion  effects,  ilie  overall  mode  comma,  or  Grime  i  sen  constant, 
is  defined  us: 

i 

f  *  — 

i 


j  i 
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wuere  Y.  are  the  individual  node 

j. 

gammas,  and  Ch  is  Che  concribu- 
cion  of  mode  i  Co  the  heac  capa¬ 
city .  The  second  equality  show  the 
ru i .icionsn i o  between  Y  and  volume 
thermal  expansion,  .  ana  macro- 
heuc  zaoaci  ;v,  C  »  -  C.  . 

The  transverse  optic  mode  gamma, 

,  in  thus  case  is  only  a  small 

k  U 


-*•  I 


3,  [«VC*t 


Figure  4.  Linear  pioc  of  t,.e  cnccor.  However,  for  most  macer- 

pressure  derivative  iais,  die  various  gammas  may  oe 

of  corap ressibiii tv 

versus  qu  for  various  expend  to  behave  simiiariv. 
materials.  Usually  y.^  tends  to  be  muen 

larger  for  ferroeicr tries. 

Ucpending  on  Che  correspond  u»g  C^,  it  mav  or  may  noc.  However, 
aominace  in  aquation  13. 

Figure  3  shows  the  log- log  pint  of  j.,  versus  Q  ,  The  caicu- 

q ■  laced  value  of  the  slope  is  C.T5 

I  i 

J  ;  which  implies  thac  a  -  9  since 

! 

i  the  rc iac ionsn  ip 


iais,  tiie  various  gammas  may  oe 


n  /  n-r  3 


cun  be  derived  from  equation  .3. 
For  i errocieccric  soiias,  n  was 
shown  to  be  obouc  three  or  four" 


r  iKurt  j , 


3. 

L-u'-ioC  jLoc  Oi  v<->i  um« 

thurmai  sxoans  on 
versus  ljr  The  .  uie 
•  )  f  lesser  3  lut’v  .  s 
ci.tted  Lnclndiut-  •  u- 
pernvshice  mncorlu.S. 
The  scceDer  ..ns 
excludes  chesw  •  -  r— 

4U1'.  :r.i-C")«  rvsts  s. 
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DIRECT  MEASUnEKOT  DF  ELECTROSTRICTION  IN  PEROVSKITE  TYPE 
FERRO ELECTRICS 


>1.  SHISHINEH,  C.  5UNDIUS,  T.  SHROUT  AND  L.E.  CROSS 
Materials  Research  Laboratory,  The  Pennsylvania  Scare  Univer¬ 
sity,  University  Park,  PA  16302 

Abstract  A  simplified  AC  capacitance  dilatoraecer  based  cn 
the  design  of  Uchinc  and  Cross-  has  been  constructed  to  measure 
directly  the  temperature  dependence  of  electrostrictive  strain 
in  perovskire  type  ferroelectric  crystals  and  ceramics.  A 
mechanical  bridge  circuit  is  used  to  compensate  for  thermal 
expansion  of  the  mechanical  components,  eliminating  the  need 
for  DC  servo  stabilization.  The  instrument  has  been  used  in 
the  temperature  range  from  2QaC  to  2Q0aC.  In  the  AC  method, 
the  eiectrastrictive  strain  under  AC  driving  field  is  compared 
to  the  known  strain  induced  in  a  quart:  reference  crystal  under 
phase  locked  conditions.  The  method  has  been  checked  with  the 
known  piezoelectric  behavior  of  quartz  and  of  selected  PZT 
disk  samples.  Measurements  of  C  constants  will  be  reported 
for  lead  magnesium  niobaca  ,?MN),  lead  magnesium  niobate:lead 
titanate  solid  solutions  ,?MN:?T),  and  lead  iron  niobatailead 
iron  tungstate  (?FN:?FV). 

INTRODUCTION 

Electrostriction,  the  affect  by  which  ail  materials,  upon  appli¬ 
cation  of  an  electric  field,  exhibit  a  strain  proportional  to  the 
square  of  that  field,  is  of  interc  .  to  both  design  engineers  and 
theoreticians.  Measurements  of  eltctroscriction  can  be  made  by  both 
direct  and  indirect  methods. 

The  strain  induced  under  high  applied  field  conditions  can  be 
measured  directly  using  optical  detection  systems-,  such  as,  the 
interferometer,  optical  lever,  laser  probe,  and  opcical  grid;  x-ray 
diffraction;  electrical  systems,  including  the  capacitive  dilato- 
mecer  and  the  differencial  transformer  dilatcmeter;  and  the  strain 
gauge  method-1. 

Indirect  methods  entail  relating  applied  mechanical  stress  to 
variation  in  dielectric  constant  ana  employ  either  a  pressure  gauge 
or  induced  piezoelectric  resonance  techniques. 

Of  these  methods,  the  AC  capacitance  dilatometer  is  the  simpl¬ 
est  and  it  is  the  best  system  for  low  frequency  AC  direct  measure¬ 
ment  of  electrostriction. 

The  cemperacure  dependence  of  electrostrictive  coefficients  in 
perovskite-type  farroelectrics  is  important  for  the  clarif ication 
of  electrostrictive  mechanisms.  Measurement  of  this  dependence  cn 
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die  high  temperature,  paraelaccric  phase,  is  preferable  because  :he 
scraia  efface  is  wholly  alaccroscriccive  ia  this  phase.  "easure- 
mencs  in  che  f erroeleccric  phase  are  ccmplicacad  by  che  presenca  of 
piezoelectricity . ) 

The  AC  capacitance  dilacomecar  described  by  Tchino  and  Cross-1 
has  been  modified  to  facilitate  ics  use  for  alaccroscriccive  measure- 
mencs  over  a  large  cemperacure  range.  I :  has  been  equipped  vich  a 
mechanical  bridge  circuit  desgined  co  compensate  for  thermal  expan¬ 
sion  within  che  dilacomecar,  chereby  eliminating  che  need  for  OC 
servo  scabilizacion.  The  inscruaenc  has  an  ooeracing  range  of  TOaC 
co  C00aC  and  can  resolve  low  frequency,  AC  linear  ccsp lac amen cs  of 
1x10”--  m. 

THE  INSTStt-gMT 

The  sensing  elamenc  of  che  dilacomecar  is  a  parallel  olaca 
capacicor  composed  of  cwo  pieces  of  Mac cor  glass  ceramic  vich 
spuccared  gold  aieccrodes.  The  evo  samples  co  be  measured,  a  piezc- 
aieccric  quarez  3canaard  and  an  unknown,  also  have  spuccerad  golc 
aieccrodes.  Each  sample  is  posicioned  beeveen  one  glass  ceramic 
place  and  che  upoer/lower  pare  of  che  dilacomecar  frame,  as  shown  in 
Figure  1.  .he  cop  place  is  supported  by  three  adjustable  springs, 
while  che  hoc coo  merely  rests  upon  che  sample  as  shown.  Changes  in 
place  separacion  are  associated  vich  a  change  in  capacitance  which 
is  monitored  by  a  capacitance  bridge. 

An  AC  signal  of  ?  Hz  applied  co  an  eieccroscricciva  sample  will 
cause  che  capacicor  places  co  vibrate  ac  a  frequency  of  1-  Hz.  The 
ouepue  unaer  these  conditions  is  compared  with  che  p iezoeieccr ic 
response  of  che  quarez  standard  under  phase-locked  conditions  of  1 - 
Hz  applied  field,  ana  che  eiaccroscriccive  coefficient  of  che  sample 
can  oe  calculated.  A  bioex  diagram  of  che  syscam  if  given  in  Figure 


OIUrCMETE?? 


quarez  on  che  cop  inscruaenc. 

ana  sample  on  c.ie 
bet  com. 
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THERMAL  EXPANSION  COMPENSATION  3R.IDGE 

This  syscam,  as  originally  designed,  vas  extremely  sensitive 
to  temperature  variation,  and  the  thermal  expansion  due  to  a  1*C  — 
2aC  change  in  ambient  temperature  would  cause  the  capacitance  bridge 
to  go  out  of  balance.  To  compensate  for  this  thermal  drift,  a  DC 
servo  system  was  used.  while  the  DC  servo  provides  adequate  compen¬ 
sation  for  room  temperature  measurements,  a  more  complete  compensa¬ 
tion  device  is  required  for  high  temperature  operation. 

The  thermal  affects  within  the  dilatometer  are  two-fold.  As 
the  inside  of  the  instrument,  which  is  composed  of  glass  ceramic, 
electrical  shielding  and  brass  supports,  expands,  the  result  is  to 
bring  the  capacitor  plates  closer  together,  thereby  increasing  the 
scacionary  capacitance,  C0.  The  outside  of  the  device,  however, 
consists  solely  of  a  copper  cylinder,  9.6  cm  high,  which  is  used 
for  shielding  and  to  support  the  upper  half  of  the  dilatometer.  The 
effect  of  the  expansion  of  the  outer  cylinder  is  to  separata  the  two 
plates,  causing  C0  co  drop.  The  second  effect  is  much  larger  than 
the  first  and  in  the  uncompensated  dilatometer,  C0  fails  signifi¬ 
cantly  with  increasing  temperature. 

To  compensate  for  the  excessive  thermal  expansion  of  the  outer 
part  of  the  dilacometer,  a  mechanical  bridge  was  designed  and  built. 
This  bridge  consists  simply  of  three  Super- invar  rods,  12  cm  long 
and  .  6<*  cm  in  diameter,  with  a  thermal  expansion  coefficient  <3.  ox 
10” 7/ ac.  As  shown  in  Figure  3,  the  rods  are  evenly  spaced  around 
the  dilatometer  and  are  clamped  to  a  variable  position  brass  ring, 
which  in  turn,  is  clamped  to  the  copper  cylinder.  The  portion  of 
the  cylinder  below  the  ring  now  responds  with  the  thermal  expansion 
of  Super-invar  while  the  remainder  behaves  as  before.  By  varying 
the  length  of  Super- invar  to  copper,  a  point  is  found  at  which  the 
thermal  expansion  of  the  outside  is  exactly  equai  and  opposite  to 
that  of  the  inside. 

DERIVATION  OF  THE  CONSTANTS 

The  coefficients  used  in 
this  calculation  are  A,  the 
electrostrictive  voltage  coeffi¬ 
cient;  Q,  the  electrostrictive 
polarization  coefficient;  and 
d,  the  piezoelectric  coefficient. 

The  subscripts,  s  and  Q,  are 
used  to  designate  the  electro- 
strictive  sample  and  the  quartz 
standard  respectively .  I  is  the 
thickness  of  che  crystal,  11  is 
the  induced  displacement ,  £  is 
3train,  V  is  applied  voltage,  Z  .  Tigure  3:  Thermal  expansion 
is  the  external  electric  field  compensation  bridge 

and  ?  is  polarization. 
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The  'strain  due  to  an  electric  field  applied  across  an  electro- 
strictive  sample  is 

£  -  (^r)  -  11  E2  • 

s  Is  s  s 

That  due  to  an  applied  field  across  a  quartz  standard  is 
sq  ■  '  dQ£Q- 

The  signal  decacced  from  the  capacitance  bridge  is  directl y  propor¬ 
tional  to  the  change  in  capacitance,  vhich  is  direct!/  proportional 
to  the  displacement  of  the  (sample,  quartz).  Therefore,  for  a  given 
output  signal. 


signal  *  11  »  1!  E'l,  »  d  i  i, . 

s  s  s  Q  Q  Q 


Since, 


7 

V 


V" 


T  "  Vq 


and 


M 


d-V  1 

SULl. 


oy 


The  electroscrictive  polarizacion  coefficient,  Q,  is  defined 
o 

£  -  QP". 


When  ?  »  ?(E)'  is  known,  Q  may  be  calculated  from  )'  using 

„2 


M 


?21 


SENSITIVITY  AND  PETJ’OniAitCE 

To  check  the  AC  sensitivity,  a  quartz  crystal  vas  driven  at 
14  Hz.  The  output  of  the  lock-in  amplifier  as  a  function  of  applied 
voltage  is  given  in  Figure  4.  The  expected  linear  relation  for 
piezoelectricity  is  clearly  observed.  The  piezoelectric  coefficient 
of  the  quartz  vas  calculated  using  the  absolute  calibrator  (variable 
air  capacitor)  described  in  decail  by  'Jchino  and  Cross-*-,  and  is 


‘33 


2.3ixiCf"2  C/N 


I.  I'slO  " 


(abouc  31  higher  than  the  previously  reported  value,  d., 

C/S  *).  '  v- 

No  significant  change  vas  observed  in  the  calcu-acec  cceffi 
cient  for  quartz  over  the  temperature  range,  3 Q3C-300'!C,  anc  me 
resoonsa  remained  linear  ir.  the  electric  field  range  .31--.  3 


t.ne  oiazoeuec: 


ertect  or  a  so:: 


5CT  ;:?b2r..<]Ti.  5;0i 


measuraa  ac  room  ramoeracura  ana  ca-cu.azaa  :rom 


VS3 


direct  HEASURE^rr  of  elzctrostrictiou  i::  pzrovskite. . . 


d,  ■  d33  '  (iJ,dQ 

where:  m  is  che  slope  of  M  vs 
S  V  for  che  PZT, 

3q  is  che  slope  of  M  vs 
V  for  quartz  and 

dq  -  2. 2 7xio~ -  c/::. 

A  value  of  d33  *  415  C/N  was 
found  and  is  in  good  agreement 
with  che  value  of  425  C/I.’ 
measured  by  che  Berlincourc 
d33-mecer . 


QUARTZ 


RESULTS  AND  DISCUSSION 

The  daca  trom  measuremenc  Figure  4.  A  cvpicai  plot  of  c 
of  piezoeleccricicy  and  electro-  lock-in  output  (av) 

scriccion  in  crystals  and  a  funccion  of  volca 

ceramics  of  quartz,  anplied  on  quartz. 

PbCIgi/ 31^2/ 3)03, 

?b(Mgi/3Nb2/ 3)03-10%  PbTi03,  and 

PFW-PFN  is  lisced  in  Table  1  along  with  the  previously  published 
dacao. 


A  typical  plot  of  che 
lock- in  oucpuc  (av)  as 
a  funccion  of  voltage 
anplied  on  quartz. 


The  temperature  depend¬ 
ence  of  che  electroscric- 
cive  polarization  coeffi¬ 
cient,  qu,  of  a  ?ic:-io%PT- 
5%IIg0  system  was  investi¬ 
gated  above  its  Curie 
temperature,  40aC.  A  plot 
of  Q]_i  versus  temperature 
is  shown  in  Figure  5  and 
shows  che  of  this 
system  to  be  independ¬ 
ent  of  temperature.  Future 
work  will  be  on  che  measure¬ 
ment  of  electroscriccive  pro¬ 
perties  of  single  crystal 
3aTi03  (barium  titanace) 
in  oaraeleccric  region. 


0m  measured  by  this 
system  for  the  samples 
shown  above  compared 
wich  the  reported  daca 
Dublished  earlier. 


d„  CCA.) 
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POLARIZATION  AND  DEPOLARIZATION  BEHAVIOR  OF  HOT  PRESSED  LEAD 
LANTHANUM  ZIRCONATE  TITANATE  CERAMICS 
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Ab » tract— Stadias  hsvs  been  aada  of  the  polarization  and  depolar¬ 
ization  behavior  for  lead  lanthanum  zireonaca  ticaaata  ctnoici 
with  zircoaia: titaaia  ratio  0.65/0.35  aad  La^O^  coataat  from 
0.07  to  0.095  (7:65:32  to  9.5:65:35).  Contianity  of  Che  dielac- 
trio  dispersion  oa  cooliag  aabiasad  freshly  da-agad  samples 
saggasts  that  across  this  whole  composition  range  for  tempera¬ 
tures  below  the  dielectric  saxiaa,  there  are  ao  macroscopic 
phase  changes.  Large  remanent  polarizations  may  be  bailt  ap  st 
low  temperatures  by  cooliag  uader  saitable  DC  bias,  but  the 
ceramics  will  'stand  off'  significant  bias  lewels  applied  at  low 
temperature  and  remain  dispersive.  Oepoling  oa  heating  becomes 
progressively  less  abrupt  with  increasing  La^O^  coateat  but  is 
always  accomplished  veil  below  the  temperature  of  the  dielectric 
mazimum.  A  model  iavoiviag  the  ordering  and  disordering  of 
polar  micro-regioas  under  electrical  and  thermal  fields  sccoants 
well  for  the  observed  properties. 


INTRODUCTION 

The  thermal  depolarization  behavior  of  electrically  poled  lead 
lanthanum  zircoaate  titaaate  (PLZT)  ceramics  with  compositions  in  the 
range  of  PbZrQ .gjTig  jjOj  with  La^O^  additions  of  6-,  7-.  aad  3-mole* 
LajOj  have  been  of  ’interest  for  the  behavior  of  the  pyroelectric 
current,  dielectric  response,  aad  electro— optic  characteristics1*  . 
It  was  clear  from  the  early  studiea  of  teve*  chat  depolarization  of  a 
short-circuited  PLZT  of  composi-tioa  7:65:35  occurs  at  e  temperature 
well  below  that  of  the  dielectric  permittivity  mazimum.  Dielectric 
data  of  Salaaek3  suggest  that  the  E'  mazimum  is  strongly  dispersive 
as  in  ferroelectr ics  with  diffuse  phase  transitions  (reiazors).  More 
recent  measurements  by  Ximura.  Newnham,  tad  Cross”  of  the  elastic 
shape  memory  effect  suggest  that  the  shape  changing  ferroelastic 
aacrodomains  ere  lost  in  these  ceramics  at  the  lower  depol iag  tem¬ 
perature. 

The  present  study  was  carried  out  to  investigate  more  fully  boch 
poling  and  depoling  characteristics  of  transparent  hot  pressed  PLZTs 
covering  the  composition  range  from  (7  to  9.5):65:35.  Data  for  the 
3%  La^Oj  composition  have  bees  presented  earlier7,  but  some  are 
reproduced  again  hers  to  compare  with  the  3.3  and  9.5*  La,0j 
compositions. 
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EXPERIMENTAL  PROCEDURE 
these  studies  were  provided 
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Institute  of  Ceramics  la  Cl  la*.  '  Tafsrs  used  la  the  pt«**ac  study 
mi  cue  fro*  bo ales  of  near  theoretical  deaaity,  high  optical  trans¬ 
parency  and  naan  grain  size*  la  tla  range  Z  to  5  jjb- 

Oi electric  properties  vara  measured  on  a  computer izad  sutomatic 
■sasuring  iyitaa  using  da  SP  LC2  asters  3?  4274A  tad  427JA  under  3P 
9825  computer  control.  Pyroelectric  current*  vara  aaaaarad  with  in 
SP  4140B  p  ico  amps  rams  ter.  A  Delta  Qaalga  2300  environment  chamber 
o  ova  rad  tla  raaga  -130  to  200*C  and  temperature  vara  aeasured  with  * 
platinum  resistance  thermometer  on  a  Flohe  3502A  digital  multimeter. 
Span ill  software  via  developed  for  automatic  aaasoraaane  and  all  data 
vara  raaordad  on  flazibla  aagnatis  dials. 

m»C3TttgNTAL  3ESTJ1TS 

Tla  temperature  dapandanca  of  dialactris  jataait:  i/ity  m 
8:63:35  PZT  cooling  under  zaro  bias,  and  under  a  OC  bias  of  3  1 cWca 
for  a  cooling  rata  of  3*C/nin  is  slovn  in  Figure  la  and  lb.  Sup- 
praaaion  of  tla  disparsiva  behavior  (raiaxor  elaractar)  ondar  bias  is 
clearly  evident  at  temperatures  balov  33* C.  Similarly  for  an  3:63:35 
PLZT  sample  coolad  to  -75*C  dan  biasad  to  3  17/ca  and  boated  at 
3*C/mim  (Pig.  2).  da  parsistanca  of  da  disparsion  ap  to  a  teapara- 
tnra  T ,  follovad  by  a  suppressed  no  dispersive  region  (2)  a  re- 
aaarganca  of  dispersion  balov  T#  (3)  and  tla  conventional  big ber 
temperature  non— disparsiva  regions  (4)  are  quite  evident.  Tla:  Tr 
and  Ta  are  poling  and  dapoliag  temperatures  is  ividenced  from  tbe 
pyroelectric  enrrents  (Fig.  3).  and  da  integrated  current  shows  tbe 
aorxasponding  build  op  and  decay  of  nacroscopic  polarization. 

Data  Ins  already  bean  presented  to  slow  that  T,  decresses  with 
increasing  bias  field,  and  da  tisitic  nature  of  tbe  change  is  evi¬ 
dent  fro*  da  dapandanca  updn  beating  rata7. 

In  da  3.3/65/35  PZT.  on  eooliaga  freshly  da-aged  sample  igaui 
tla  disparsiva  elarsotar  of  a  ralaxor  farroalectric  is  clearly  evi¬ 
denced  (Fig.  4*1.  Bare,  however,  ondar  even  high  OC  bias  of  15  tV/ca 
da  relaxation  is  act  completely  s oppressed  and  there  is  ao  evidence 
of  an  abrupt  change  snob  es"that  seen  in  the  3/65/35  competitions 
(Fig.  4b).  Tint  the  polarization  boilds  ap  and  decays  in  s  rather 
similar  manner  to  that  in  the  ceramics  of  lovar  lanthanum  content 
is.hovever.  evident  from  the  integrated  pyroelectric  response  for  s 
sample  cooled  under  field  (Fig.  S 1 2 1 )  as  compared  to  that  of  t  sample 
coaled  vithoat  field  to  -100*C  then  biased  to  3  fcV/ cm  *nd  heated  it  i 
constant  rata  of  3*C/ainnta  (Fig.  5[lJ). 

It  may  be  noted  that  the  aajor  changes  with  increase!  Lu.O, 
content  is  that  the  polarization  levels  tre  lower,  tbe  changes  its 
aore  gradual  and  occur  at  lover  temperature. 

In  the  9.5:65:35  this  traud  is  continued  (Fig.  5)  sad  here  : 
higher  field  of  6.6  fcV/ca  was  used  to  produce  comparable  polaritatuc 
changes.  Larger  polarization  levels  can  be  induced  in  both  1.3  my 
9.5%  La^Oj  compositions,  but  only  by  going  to  auch  higher  f;  t i 
levels. 
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DISCUSSION 

The  continuity  of  Che  dispersion  curves  in  all  samples  below  Ta 
ta||ius  that  in  the  absence  of  a  driving  field  none  of  the  materials 
goes  through  t  normal  macroscopic  phase  change  below  T  .  This  would 
appear  to  be  confirmed  by  recent  aeasnreaents  in  Shanghai  of  f.  Tin 
and  colleagues'^  who  show  that  in  grain  grown  ?LZ?s  of  the  3:63:35 
coapoaition  the  indiwidnal  graina  have  isotropic  optical  properties 
below  ?a  in  the  absence  of  an  external  field. 

For  the  3.8:65:35  and  9.5:65:35,  the  dispersion  and  poling: 
depot ing  behavior  are  reaarhably  siailar  to  those  observed  in 
Pb(Mg  i/3*'^2/3^3*  PMSc^/jTa^y^Oj  and  other  relazor  ferroelectrics. 
It  is  thus  tempting  to  apply  the  aodel  of  ordering  of  polar  micro 
regions  under  field,  and  disordering  under  temperature  to  describe 
the  observed  build  up  and  decay  of  polarization.  That  the  3:65:35 
coaposition  is  optically  isotropic  grain  by  grain  on  cooling  again 
suggests  the  aodel  of  disordered  polar  aiero-reg ions.  However,  in 
this  coaposition  the  disordering  is  rather  abrupt  and  has  many  of  the 
features  of  a  phase  change.  — 

We  suggest  in  speculation,  that  in  analogy  to  aagnetisa.  the 
PMN.  PST.  8.8:63:33  and  9.3:63:35  coapositioas  aay  be  saperparael ec- 
tric  but  that  in  the  3:  65:35  the  phenoaeaa  aay  be  more  analogous  to 
that  of  critical  superparaaagnetisa. 
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Abstract— It  has  been  shows  that  quenched  ?b(Sc,  /2Ta,  (PST)  dlaordarad  cer¬ 

amics  and  crystals  show  diffusa  dispersive  dielectric  propartlas,  while  wall 
annaalad  ordarad  materials  exhibit  normal  sharp  first  order  transition.  The 
pyroelectric  depolarisation  aaaauraaescs  takas  using  a  Hewlett  Packard  Model  -HOB 
picoaMacar/DC  Source  under  computer  controlled  heating  cycle  also  have  shown 
different  behaviors  between  disordered  and  ordarad  aatarlals. 

In  this  work  pyroelectric  measurements  by  Cbysoweth  method  under  DC  bias  up 
to  1.3  CV/ma  within  a  temperature  range  of  ?0*C  around  the  temperature  of  maximum 
dielectric  constant  have  been  studied.  A  vary  significant  enhancement  of  the 
pyroelectric  signal  under  DC  bias  la  observed  In  thermally  quenched  disordered 
samples.  The  largest  enhancement  of  the  signal  appears  at  temperatures  some 
degrees  below  the  temperature  of  naxinna  dielectric  conacant. 

The  existence  of  microdorsal  ns  in  disordarad  aatarlals  Is  believed  to  be 
reaponalble  for  this  new  extrlxvslc  component  of  reversible  pyroelectricity. 

The  large  reversible  pyroelectric  affect  Is  a  promising  phenomenon  for 
developing  new  pyroelectric  devices. 


1.  introduction 

In  PST  single  crystals  and  caramics  which  are  of  simple  perovsklca  structure  the 
combination  of  3-slta  cations  la  the  ABO}  structure  is  close  to  the  boundary  between 
order  and  disorder*.  The  decree  of  ordering  of  the  different  3-slts  cations  In 
these  materials  can  be  controllsd  thermally.  Quenched  disordered  crystals  and  cer¬ 
amics  show  diffusa  dispersive  dielectric  properties,  while  well  annealed  ordered 
material s  exhibit  "normal"  sharp  first  order  ferroelectric  transition.  The  influences 
of  the  ordering  upon  the  dielectric,  ferroelectric  and  elascoelsccrlc  properties  of 
PST  materials  have  bean  reported^'-1.  The  effects  of  DC  bias  upon  the  dielectric 
properties  of  ordered  and  disordered  PST  ceramics  have  also  been  explored" . 

Pyroelectric  depolarization  studies  showed  that  the  polarization  of  disordered 
samples  drops  down  more  smoothly,  vhlle  ordered  samples  depolarize  abruptly  within 
the  transition  region*.  In  this  work  pyroelectric  measurements  by  Chynowech  method 5 
under  DC  bias  up  to  1.3  KV/m  within  a  temperature  range  of  "0*C  around  the  tempera¬ 
ture  of  maximum  dlalectrlc  constant  have  bean  studied. 


•Visiting  scientist  from  Shanghai  Institute  of  Ceramics,  Shanghai,  China, 
••visiting  scientist  from  Xian  Jiaotong  University,  Xian,  China. 


I  by  Mm 


L  £.  Crtm 


271 


ixm.  r.  .X2  <m  u  £.  nasi 


m 


ncptaixESTAL 

2.1  ??apa*adon  sf  !l«t»rUiJ 

All  io«lu  vara  sraparad  by  sogvanc-ana i  aiscad  sxida  proeaaaiag  from  scolcldo- 
a«erlc  propordon  of  PbO,  SeiO^,  7a^*  tad  Isspoaidous  vara  ball  alllad  la 

Alcohol  for  20  sours .  TSa  sixtura  vu  ir.u,  saan  ■-« i slaad  far  tvo  sours  ac  300*2. 

TSa  col  clao  pcudars  vara  raground  sad  paiiadrad.  Than  d  a  pallaea  vara  fir  to  ac 
1200*2  for  oaa  boor,  aalng  nZrO^  ®  ?%0  far  acacrpnara  soncrol.  A  final  slacaring 
vaa  parforsad  ac  1260*2  follovad  bT  rapid  suanealag  :a  iaduca  sha  ilaordarad  seruc- 
:ura.  TJia  iagraa  af  srdariag  la  Ida  3-sisa  sadooa  vara  canerallad  by  sdaraal  amaal- 
lag  sha  saapla  ac  1000*2.  Pinal  lanaidaa  icalavad  vara  ?a;  daoraeicai,  vxca  so  aara 
siian  22  valine  loaa. 

Tha  iagraa  af  srdarlng  vaa  aacaalldnad  b»  boapariag  :aaa  and  suparlacrica  raflac- 
don  incanalcy  la  da  s-r  ay  powdar  paccara  aad  uaiag  da  saladon  far  isa  sacra  a  af 
srdaring  S 

-2  f-suoariaedcai  -suoar1 
S  -  -  r  "  ■  •  '  .  1  1  for  S  •  1 

,*ha#a  laedcaJaxp  •  *baaa  daor* 

Tha  iagraaa  af  srdaring  ara  0.37  for  da  saaplas  aanaalad  ac  1000*2  for  21  sours  *n«l 
0.10  for  da  saaplaa  puanchad  AC  1260*2  so  rooa  baooaracura  vleftia  20  aiaueaa. 

2.2  Pyroalaccric  iaaauraaaacs  by  OSynavaeh  .ba  e-Sod 

2ha  pyr^slgnala  vara  aaaaurad  by  a  aodlfiad  Ohynowaca  oachod.  2>.a  scaaaaelc 
slrcule  for  aaaauramancs  Is  mown  la  Plgura  1.  Tha  larsas  ilrculs  sonaises  sf  a  slas 
salcaga  supply,  da  saapla.  Add  a  sigh  saaiseanca  (13*0)  across  vcilea  a  pra-Amoilfi  ar 
vaa  cotaaccad  via  a  blocking  sapaelsor  (0.01  af)  .  TJsa  suepuc  sf  saa  bra-aapllf  lar  vaa 
sotmacead  so  a  bhaaa-Lock  aaoiiflar  aodal  PAR  HR-4.  T>.a  aagmeuda  sf  Ida  pyrosignal 
caa  ba  raad  frors  da  suepue  voleaaear  sf  da  phaaa-ioek  aapilfiar.  a  Taacroaia  5*5a 
cachoda  ray  sacilioacoua  vaa  aaad  so  aonisor  da  vava  fora  sf  saa  pyrosignal.  a  lisa 
T  »d  la  don  sSoopar  vaa  aaad  so  ssacrol  da  saadng  frapuancy  sf  saa  lacacbor  so  aa  :o 
ba  doaa  so  da  caarga  soda  sf  soaradoa.  la  sdls  aoda  da  pyroalaccric  signal  ac 
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jchasACle  llagTim  sf  aaasurcmadC.  3  -  sasraia:  7  -  ; Isis  sour; a;  "10  - 
sra-aomilflar;  I  -  saargiag  jvison. 
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!iud  frequency  is  proportional  :o  p/KCp,  pan  ?  -  pyroelactric  coefficient,  £  - 
dielectric  constant,  Cp  -  (pacific  heat  of  :ha  samp  la. 

Ip  ail  cha  experiments  of  this  work  the  ?ST  samples  vara  about  3.22  am  ia 
thickness.  Circular  gold  alactrodas  vara  sputtarad  an  to  apposite  faces  af  che 
samples,  cha  diameter  af  the  electrode  vaa  about  5  an.  Thin  silver  leads  vara 
attached  to  the  gold  electrodes  by  aaaas  af  air-drying  silver  paste,  an  infrared 
projector  lamp  vaa  used  as  the  hast  source  to  modulate  the  sample  temperature.  A 
Delta  design  MX  2300  anviroomane  cnameer  vaa  used  to  change  the  ambient  temperature 
about  cha  bolometer  chip. 

Figure  2  shows  the  pyro— signal  measured  by  Chynoweth  method  for  the  disordered 
and  ordered  ?ST  ceramic  samples  vlthout  electric  bias.  The  temperature  range  of  mea- 
suramenc  is  '0*3  around  the  temperature  of  c:.e  dielectric  constant  maximum  79  utiles 
is  1.9*2  for  the  disordered  ?S7  ceramic  sample,  and  ia  17*C  for  the  ordered  one 
(Figure  3).  It  is  obvious  from  the  figures  chat  cha  pyro-signal  for  ordered  samples 
is  such  larger  than  thac  for  the  disordered  ana.  The  pyroelectric  signal  as  a  func¬ 
tion  af  bias  field  at  various  tamperacurss  is  shown  in  Figure  If  accurate  absolute 
pyroelectric  coefficients  were  needed,  cha  pyro-slgnals  vould  have  to  be  corrected 
for  cha  temperature  venation  of  specific  heat  and  the  non-linearity  departure  of  the 
rectifiers  at  small  signal.  These  corrections  vara  not  performed  since  only  relative 
magnitudes  are  to  be  used  and  thus  they  vould  sot  affect  any  of  the  interpretations 
and  conclusions.  It  is  clear  chae  as  cha  bias  field  increaaes  the  pyroelectric 
signal  of  the  disordered  ?ST  sample  increases  more  significantly  than  the  ordered 
one.  To  compare  the  effect  of  electric  bias  field  on  the  disordered  and  ordered 
materials  the  enhancement  factor  Hv,  vhich  is  referred  to  aa  the  ratio  of  Che  pyro- 
signal  under  a  DC  bias  of  1.3  KV/mm  and  cha  pyro-signal  under  a  DC  bias  of  3.1  :C7/mm, 
ia  plotted  as  a  function  of  the  camperacure  difference  T-T9  (Figure  5).  The  follow¬ 
ing  feature  of  cha  experimental  results  are  obvious:  (1)  The  enhancement  factor  of 
toe  pyro-signal  under  DC  ole a  for  the  disordered  aacarial  is  higher  chan  thac  for 
cha  ordered  oua  within  the  whole  temperature  range  of  seaeuremancs.  (2)  The  highest 
tnhanesmene  factor  occurs  at  che  temperatures  different  from  7a.  For  the  disordered 
sample  che  hlghesc  enhancement  factor  appears  ac  cha  ttmparacurs  about  21*3  balov  79, 
while  for  cha  ordered  sample  it  appears  ac  chs  taaperscurt  about  5*C  above  79. 

In  concraat  with  cha  results  for  cna  ?S7  samplas.  tha  elactric  bias  fisld  snows 
ao  significant  sffact  on  LiNbQj  single  crystals  ac  23*2  (Figure  S) . 


FTCUFI  2.  Tha  temperature  dependence  of  pyroelectric  signal  of  the  disordered  (a) 
and  ordered  (b)  ceramics. 


!-tOJ  HZ 

2-  iO4  HZ 

3-  ICa  HZ 


\  2-  IC4  HZ 

—A  s-io^hz 


0  30  100  130 

TEMPERATURE  (*C) 


-(00  -30  0  30  ICO  130 

TEMPERATURE  (*C) 


1- IO-*  HZ 

2—  IO*HZ 
S-IO^HZ 


a073h 

t 


1-  IO’hZ 

2-  icr*HZ 

3-  I0J  HZ 


-(00  -30  0  30  100  ISO 

TEMPERATURE  l«C)  M 


-(00  *  50  0  30  10 

TEMPERATURE  (*C) 


rccura  3. 


Tim  coMricuri  dapandanca  of  dialactric  couatant  S  and  loan  tanganc  3  at 
aha  dlaordarad  (a)  and  ardarad  (b)  ?ST  iar arnica . 


3.  3  IS CCSSIOM 

tha  axparisancal  raaulra  praaancad  aoova  snow  that  :r. «  3C  dlaa  ua  a  sues  stronger 
affect  upon  :ba  pyroelectric  behavior  at  dlaordarad  ?ST  aariaic  samples  than  the 
ardarad  ana.  Aa  enhancement  factor  at  32  iar  aha  dlaordarad  ?ST  sample  vas  observed 
under  a  bias  field  at  1.3  OT/am,  while  tor  aha  ardarad  ana  aha  hj.ghesc  annancamanc 
factor  is  an!/  !.  Since  aha  pyr^signai  aaaaurad  in  thia  vatic  is  proportional  za  the 
reciprocal  at  aha  dielectric  aonatanc  K.  aha  dacraaaing  at  S  vlch  reapacc  :o  3C  dlaa 
field  t or  aha  ardarad  and  dlaordarad  ?ST*  should  da  partially  raaponaibla  for  aha 
anhancaaant  at  aha  pyro-slgnal  jndar  3C  a  La aaa.  dowaver,  aha  racla  at  aha  dielectric 
eonacanta  'jndar  3C  btaaas  at  3.1  S7/aa  and  1.3  S7/aa  La  Lass  than  5  vichin  aha  tntir- 
aamperature  range  at  aha  aaaaurcsant- .  I:  would  ippaar  that  a  saw  extrinsic  aaomonant 
of  reversible  pyroelectricity  Lnducad  ay  3C  bias  auat  da  aaaponalbla  Jar  aha  very  sig¬ 
nificant  anhancaaant  at  aha  pyro-signal  at  aha  dlaordarad  ?ST  aaraalca  jndar  3C  bias. 
Tha  existence  at  alcrodoaaln a  La  aalaxor  ferroeiectrica  an  aha  aaaoaracura  region  lover 


aha  temperature  at  aha  dlaiacrrlc  paxiaum 


La  suggested  ao  da  aha  origin  at 


ahla  aow  extrinsic  aoaoonant  of  aha  aaveraibla  oyroaiacarlciry.  '.'near  3C  oiaa  flalda, 
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FI CURE  4. 


Tha  pyroalactrlc  signal  as  a  function  of  bias  flald  at  various  ttmpara- 
curaa  for  tha  diaordarad  (a)  and  ordered  (b)  ?ST  ceramics. 
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Tha  enhancement  factor  as  a 
function  of  tha  temperature 
dlfftrtncs  Ta-T  for  ciia  dis- 
ordarad  and  ordarad  PST 
ceramics. 
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FIGURE  6.  Tha  pyroelectric  signal  as  a 

function  of  bias  flald  for  liflbOj 
slngla  crystals. 


tha  larga  dipole  moments  of  tha  alcrodomalns ,  which  ara  orlantad  In  a  random  way,  will 
experience  strong  orlantlng  fores  and  build  up  Into  aaerodomains .  Slnca  dlsordarlng 
of  tha  micro  regions  is  a  tharmallzation  process,  small  reversible  temperature  change 
can  modulate  tha  state  of  microdomain  ordar  and  thus  contribute  a  new  extrinsic  com¬ 
ponent  to  tha  temperature  dependence  of  tha  induced  polarlzaclon.  la  disordered  PST 
maearlal,  tha  direct  measurement  of  the  pyroelectric  coefficient  by  3yer-3oundy<>  tech¬ 
nique  shows  that  the  pyroelectric  coefficient  peak  appears  at  -37*C  (Figure  'a),  which 
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The  tampers  cure  dependence  of 
pyroelectric  coefficient  si 
eh*  dlsordarsd  (a)  and  ordered 
Cb)  ?ST  tarsal cs. 


aaai.2.  CROSS 

La  39  dagraas  below  7a  (1.9*0.  The 
temperature  region  from  -37*C  :a 
1.3*C,  which  La  supposed  to  be  ~a  aoae 
active  teaperscure  region  at  alcro- 
domains,  la  vail  coincident  vita  t.*ia 
temperature  region  at  large  enhancement 
at  the  pyro-signal  for  the  disordered 
?ST  saapia.  while  for  :0a  ordarad  ?ST 
aaeerial  :0e  pyroelectric  coefficient 
paak  la  11*3  (figure  7b),  vnlch  la  only 
three  degrees  below  7„  (17*0  .  Since 
:0a  ordarad  ?S?  oaeariai  exhibits  oora 
or  la aa  aonaal  fartaelsetTiciry ,  ao 
significant  aicrodcmaln  activity  tan  oa 
tracad.  TO  a  fact  :Oac  only  a  factor  of 
five  of  :0a  largest  annancaoanta  of 
pyrt^aignal  at  :0a  taaparacura  five 
degrees  blghar  tOaa  T_,  baa  been  observed 
In  ordarad  ?S7  lamplaa,  that  :0a 

X  blaa  tan  only  induca  a  rather  mall 
ilaplaclva  polarlzaclon  la  :0a  aasenca 
of  :0a  mcrodooalns . 

The  large  and  flald-concrailaala 
reversible  pyroaiactrlc  af fact  la  a 
providing  phenomenon  for  developing 
aaw  pyroaiactrlc  davicas. 
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DEPOLARIZATION  3EKAVIOR  AND  REVERSIBLE  PYROELECTRICITY  IN 
LEAD  S  C  AND  I  CM-  TAt.T  ALAT  E  CERAMICS  UNDER  DC  BIASES 
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Abstract  The  depolarization  behavior  of  ordered  and  dis¬ 
ordered  lead  scandium-tantaiate  (PST)  ceramics  has  been 
studied  by  3yer-Roundy  and  Chynoweth  method.  A  sharp  decrease 
of  che  spontaneous  polarization  takes  place  in  a  narrow  tempera¬ 
ture  range  very  close  to  the  Curie  temperature  Tc  for  the 
ordered  PST  materials.  For  the  disordered  PST  materials,  how¬ 
ever,  the  depolarization  takes  place  within  a  wide  temperature 
range  much  lower  chan  the  cemperacure  of  maximum  dielectric 
constant  Tm.  Evidence  of  microdomain  activities  has  been 
observed  in  disordered  materials.  The  reversible  pyroelectric 
effect  is  discussed  in  terms  of  the  micro-macro  transition  of 
che  domains  in  disordered  PST  materials. 


INTRODUCTION 

Earlier  scudies  have  shown  that  in  the  lead  scandium-tantaiate 
Pb(Sc]./2Tai/2)03  (PST)  single  crystal  and  ceramics  which  are  of 
simple  perovskice  structure,  che  3-site  cations  in  the  ABO3  structure 
are  close  to  che  boundary  of  order  and  disorder^-.  The  degree  of 
ordering  of  che  3-site  cations  can  be  controlled  thermally.  The 
quenched  materials  wich  disordered  structures  are  relaxcr  ferro- 
eleccrics  wich  diffuse  phase  transitions,  while  che  well  annealed 
materials  wich  ordered  structure  exhibit  "normal"  sharp  first  order 
ferroelectric  transition.  The  dielectric  and  ferroelectric  proper¬ 
ties  of  PST  materials  have  been  reported'- •  3 .  The  dielectric  and 
pyroelectric  properties  under  DC  biases  have  also  been  studied-’ 

A  reversible  pyroelectric  effect  under  DC  bias  in  disordered  PST 
ceramics  has  been  explored. 

In  this  paper,  che  depolarization  behavior  of  order  and  dis¬ 
order  PST  materials  using  both  3yer-Roundy°  and  Chynoweth'  method 
are  given.  The  ordering  of  microdomain  region  is  believed  co  be 
responsible  for  che  reversible  pyroelectricity .  The  mic rocotr.air. 
activicy  in  disordered  PST  ceramics  is  very  similar  to  that  explorec 
in  PLZT  ceramics^. 


-Vis icing  Scientist  from  Shanghai  Institute  of  Ceramics,  Shanghai, 
China. 

^Visiting  Scientist  from  Xian  Uiaocong  University.  Xian,  China. 
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EXPERIMENTAL  PROCEDURES 
Sample  Preparation 

Samples  used  In  this  work  vera  praparad  by  conventional  mixed 
oxide  processing.  Stoichiometric  proportion  of  PbO,  SC0O3,  TaoOs 
were  ball  Billed  in  alcohol  for  20  hours.  The  mixture  was  dried 
and  precalcined  ac  3QQaC  for  2  hours.  After  raground  and  pelletized, 
the  samples  were  fired  ac  1300aC  for  one  hour  using  Pb0+?bZr03  as 
atmosphere  controller.  A  final  sincaring  was  performed  ac  1560* C 
followed  by  rapid  air  quenching  to  induce  disorder  structure.  The 
ordering  of  the  3-sica  ion*  was  achieved  by  thermal  annealing  ac 
1000aC  for  V+  hours.  The  degrees  of  ordering,  3,  for  quenc.ned  and 
annealed  samples  are  0.10  and  0.37  respectively.  The  final  density 
achieved  was  94Z  cheorecical  -with  less  chan  3%  weight  loss. 

The  samples  used  in  depolarization  scudias  were  0.2-0. 3  mm 
chick  with  spuccarad  gold  electrode.  The  samplas  were  heated  to 
130aC  ac  firsc  chen  poled  ac  30aC,  20  kWcm  for  IQ  min.  and  tooled 
under  electric  field  down  to  -70aC.  The  cemperacure  of  dielectric 
conscanc  peaks  of  disordered  and  ordered  PST  ceramics  are  L.9aC  and 
17aC  ac  1  KHz  respectively. 

Depolarization  heasuramencs 

For  the  modified  3yer-Roundy  method,  the  sample  in  series  with 
a  bias  voltage  supply  was  connected  to  a  picoammetar  HP  -li03.  The 
sample  was  heacad  in  a  tamperacura  chamber.  Delta  23CO.  Linear 
cemperacure  ramping  with  specified  ramping  race  cT/dc  can  be 
achieved  under  computer  control  us.ag  the  HP  98 25 A  desktop  compucer. 
Pyroelectric  coefficient,  which  is  proportional  to  the  thermal 
current,  can  be  measured  directly.  The  depolarization  curve  can  be  . 
oocained  by  integration  of  the  thermal  current  with  raspecc  to  time. 

A  modified  Chynowech  mechoc  has  been  used  in  this  work.  The 
sample  in  series  -with  a  bias  voltage  supply  was  connected  to  a  phase 
lock  amplifier  model  PAR  HR- 3  through  a  preamplifier  and  a  blocking 
capacitor.  The  sample  was  heacad by  a  chopped  light  beam  with  chop¬ 
ping  frequency  around  5.5  Hz.  The  pyroelectric  signal,  which  can 
be  read  from  the  oucpuc  voltmeter  of  the  pnase-lock  amplifier,  is 
proportional  to  p/'KCo,  here  p—  pyroelectric  coefficient,  X — 
dielectric  conscanc,  C9—  specific  heac  of  the  sample. 

ggERIHENTAL  RESULTS  AND  DISCUSSION 

Figure  1  and  2  are  the  pyroelectric  coefficients  and  dapclari- 
cacion  curves  of  the  ordered  and  disorderec  ?ST  materials  _r.de r 
different  oias  fields  using  the  3yar-Roundy  method.  Alchougr.  tr.e 
spontaneous  polarization  of  the  orcereo  anc  disorderec  samp.es  are 
the  same,  the  depolarization  behaviors  are  quite  different.  For 
the  ordered  sample,  a  sharp  cecreasa  of  spontaneous  polarization 
takas  p. ace1  in  a  marrow  temperature  range  vary  close  to  tme  2_ne 
tamneracure  T-  'l'aT;  at  zero  bias  : iald.  Higher  bias  :ia_c 
snifts  the  transition  toward  higher  temperature.  However,  the 
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Figure  1.  Pyroelectric  coefficient  a)  and  depoiar iza cion 
curve  (b)  of  ordered  ?ST  ceramics. 

shape  of  Che  depolarization  curve  has  no  significant  change.  A 
first  order  cransicion  for  the  ordered  material  is  quite  evident. 
For  the  disordered  materials,  the  depolarization  takes  place  in  a 
vide  temperature  range  much  lower  chan  the  temperature  of  maximum 
dielectric  constant  Trn  (1.9aC)  at  zero  bias  field.  Higher  bias 
field  also  pushes  che  depolarization  toward  higher  temperature 
range.  However,  a  sharp  decrease  of  the  spontaneous  polarization 
and  an  elongated  tail  section  of  the  depolarization  curve  .nder 
bias  field  are  quite  evident.  The  effect  of  che  bias  field  is  more 
evident  on  che  temperature  dependence  of  the  pyroelectric  coeffi¬ 
cient  as  shown  in  Figure  2(a).  Under  zero  bias  field  a  concealed 
cerrace  is  clearly  shown  in  che  low  temperature  region  of  the  pyro¬ 
electric  coefficient  curve.  Under  small  DC  bias  field,  the  con¬ 
cealed  terrace  disappears,  the  temperature  dependences  of  the  pyro¬ 
electric  coefficient  become  more  "normal".  In  this  respect,  ve  can 
assume  chat  a  DC  bias  drives  a  diffused  phase  transition  of  a 
reiaxor  ferroelectric  coward  a  normal  first  order  transition. 
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Figure  2.  Pyroeieccric  coefficient 


a,  ana  ceoc^arccacicn 


curve  \b)  of  disc  roe  rea  ?ST  :erair.ica. 


CHEN  CEIL I,  YAQ  El 


,  L.E.  CROSS 

The  depolarization  curves  of  ordered  arid  disordered  ?ST 
materials  taken  from  Chynoweth  mechod  also  exhibit  the  same 
character iscic,  as  3hovn  in  Figures  3  and  i.  A  van  3harp  decrease 
of  che  pyrosignai  13  clearly  shown  in  Figure  3  for  the  ordered 
materials,  while  a  racher  wide  temperature  range  of  the  decreasing 
of  che  pyrosignai  is  observed  in  Figure  a  for  che  disordered  sample. 


Figure  3.  Pyrosignai  of 
ordered  PST 
ceramics  (arbi¬ 
trary  scale; . 


Figure  - .  pvrosignal  of  dis¬ 
ordered  PST  ceramics 
(arbitrary  scale.. 


A  smooch  and  gencle  decrease  of  the  spontaneous  polarization 
with  respect  to  temperature  change  in  the  depolarization  curve  of 
a  relaxor  ferroelectric  is  very  important  tor  the  reversible  pyro¬ 
electric  effect.  It  is  in  this  temperature  region  that  the  highest 
enhancement  of  pyroelectric  signal  of  disordered  ?ST  nas  been 
observed^ . 

The  detailed  mechanism  of  the  reversible  pyroelectricity  is 
3 till  noc  yet  known,  however,  it  is  believed  that  the  microdcnair. 
activity  is  of  vital  importance. 

In  our  early  works,  the  evidence  of  aicrodomain  activities  in 
PL2T  ceramics  has  been  given^.  The  depolarization  behavior  of 
disordered  PST  materials  also  presents  apparent  trace  of  tr.e  micro- 
domain  activities.  The  splitting  of  highly  polarized  racroeonams 
into  random  oriented  microdooains  may  be  responsible  for  tr.e  smooth 
decreasing  of  the  polarization  and  the  appearance  of  the  high 
terrace  of  the  pyroelectric  coefficient  at  zero  oias  fia.e  on 
Figure  2.  A  small  DC  bias  field  drives  the  random  onentec  micro- 
domains  into  highly  polarized  mecastao.e  macroccmair.s  -oespor.g  era 
material  in  high  polarizacion  level.  The  DC  ooas  a. sc  pla;--s  as  a 
restoring  force  of  the  polarization  during  temmerature  f-.cc.soocn. 
Therefore,  a  high  enhancement  of  pyrosignai  accompanies  w-.tr. 
reversible  effect  results. 

The  kinetics  of  che  micro-macro  transition  of  tr.e  corair.s  ir. 
ra.ao<or  ferroe.ee cries  os  another  critical  point  for  one  ra’-ersiola 
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transition  is  fast  enough  to  respond  to  a  temperature  fluctuation 
of  5.5  H2  (about  200  m3) ,  while  under  the  same  condition  no  rever¬ 
sible  ferroelectric  effect  has  been  observed  in  PLZT  ceramics  with 
composition  8;  65: 35.  The  experimental  results  on  the  'kinetic 
behavior  of  the  micro-macro  transition  in  PLZTs^  shew  that  the 
transition  is  much  slower  chan  thac  of  ?ST  materials.  An  interest¬ 
ing  question  is  how  fast  the  micro-macro  transition  can  respond  to 
the  temperature  fluctuation.  A  detailed  study  on  the  kinetic 
behavior  of  the  micro-macro  transition  of  doma.ns  is  now  still 
continuing. 


SlTStARY 

The  depolarization  of  ordered  ?ST  maceria-s  taxes  place  in  a 
narrow  temperacure  range  close  to  its  Curie  tempera  cure,  while  for 
Che  disordered  materials  che  depolarization  takes  place  in  a  wide 
temperature  range  much  lower  chan  che  temperature  of  maximum 
dielectric  constant. 

Evidence  of  microdomain  activity  has  been  observed  in  dis¬ 
ordered  ?ST  materials.  The  micro-macro  transition  of  domains  in 
relaxor  f erroelectrics  is  believed  to  be  responsible  for  the 
reversible  pyroe-teccric  effect. 
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Polarization  and  depolarization  behavior  of  hot  pressed 
lead  lanthanum  zirconate  titanate  ceramics 
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A  detailed  study  of  the  polarization  and  depolarization  behavior  of  7:65:35  and  8:63:33  lead 
lathanum  zirconate  titanate  transparent  ceramics  under  dc  bias  and  constant  heating  rates  has 
been  carried  out.  The  dielectric  permittivity  exhibits  a  new  anomaly  near  0  *C  in  freshly  thermally 
depoled  samples  which  is  associated  with  a  buildup  of  macrodomains  and  the  development  of  a 
remanent  polarization.  From  continuity  of  the  dispersive  behaviors  it  is  suggested  that  the 
dielectric  change  at  the  so-called  a-0  transition  Ta  is  not  a  conventional  phase  change,  but  rather 
is  a  loss  of  macro-ordering  and  a  decay  back  to  a  disordered  microdomain  texture. 

PACS  numbers:  T7.60.  —  v 


I.  INTRODUCTION 

The  thermal  depolarization  behavior  of  electrically 
poled  lead  lanthanum  zirconate  titanate  iPLZT)  ceramics 
with  compositions  in  the  range  of  PbZr0 13  Tij,  3}  O,  with 
La-03  additions  of  6-,  7-,  and  3-tnole%  La.0,  have  been  of 
interest  for  the  behavior  of  the  pyroelectric  current,  dielec¬ 
tric  response,  and  electro-optic  characteristics.  '*J  It  was 
clear  from  the  early  studies  of  Keve4  that  depolarization  of  a 
short-circuited  PLZT  of  composition  7:63:33  occurs  at  a 
temperature  well  below  that  of  the  dielectric  permittivity 
maximum.  Dielectric  data  of  Salanek'  suggest  that  the  K ' 
maximum  is  strongly  dispersive  as  in  ferroelectrics  with  dif¬ 
fuse  phase  transitions  irelaxorsl.  More  recent  measurements 
by  Kimura.  Newnham.  and  Cross4  of  the  elastic  shape  mem¬ 
ory  effect  suggest  that  the  shape  changing  ferroelastic  ma- 
crodomains  are  lost  in  these  ceramics  at  the  lower  depoling 
temperature. 

The  present  study  was  undertaken  to  explore  more  fully 
both  the  poling  and  depoling  characteristics  of  transparent 
hot  pressed  PLZTs  of  7:63:33  and  8:65:33  composition. 
Data  presented  here  are  for  the  3:65:35  composition;  how¬ 
ever.  the  7:65:35  material  gives  qualitatively  similar  results 
in  every  respect.  To  avoid,  as  far  as  possible,  domain  stabili¬ 
zation  of  the  type  demonstrated  by  Schulze.  Biggers,  and 
Cross,’  all  measurements  were  made  on  annealed  and  fresh¬ 
ly  thermally  quenched  samples. 

II.  SAMPLE  PREPARATION 

Ceramics  used  in  these  studies  were  originally  prepared 
at  the  Shanghai  Institute  of  Ceramics  in  China.  The  designa¬ 
tions  7:63:35  and  3:63:35  indicate  in  the  conventional  man¬ 
ner  a  zirconia:titania  ratio  of  65:35  mo(e%  and  a  substitu¬ 
tion  of  7  and  8  mole%  of  La.O,  for  PbO.  The  samples  were 
prepared  from  reagent  grade  nitrate  salts  of  lanthanum  and 
zirconium  and  reagent  grade  TiCl».  The  salts  were  dissolved 
in  distilled  water  and  the  solutions  mixed  in  the  desired  pro¬ 
portions.  Mixed  solutions  were  then  coprecipitated  by  addi- 


“  Visions  scientist  from  Xian  Jiaotonj  University.  Xian.  China. 

*  Visum?  scientist  from  shanghai  Institute  of  Ceramics.  Shanghai.  China. 
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don  of  ammonia  to  maintain  a  pH  value  of  3.  After  thorough 
washing  to  remove  NO,"  and  Cl~  ions,  the  precipitates  were 
spray  dried  at  high  temperatures.  Reagent  grade  PbO  pow¬ 
der  in  10%  excess  of  the  required  stoichiometric  proportion 
was  then  added  and  the  powders  ball  milled  in  polyethylene 
lined  jars  in  acetone  for  6  h.  The  slurry  was  again  dried  and 
cold  pressed  siugs  of  suitable  dimensions  were  hot  pressed  in 
an  O-  atmosphere  at  1150  *C  for  1 6  h  under  a  uniaxial  stress 
of  200  kg/cm:. 

Bouies  of  near  theoretical  density,  high  transparency, 
and  a  mean  gram  size  of  2  pm  resulted. 

III.  EXPERIMENTAL  PROCEDURE 

Samples  of  PLZT  were  cur  with  a  string  saw  and  then 
ground  to  the  thickness  used  for  dielectric  measurements, 
generally  0.1  to  0.2  mm.  Electrodes  used  were  sputtered 
gold.  The  diameter  of  the  electroded  area  was  around  3  mm. 
Samples  were  annealed  at  600  "C  for  1  h  and  then  followed 
by  slow  cooling. 

The  dielectric  properties  of  PLZT  were  measured  by  a 
computerized  automatic  measuring  system  with  Hewlett- 
Packard’s  new  generation  of  microprocessor-based  equip¬ 
ment.  The  biased  temperature  dependence  of  dielectric  con¬ 
stant  and  loss  tangent  were  measured  by  a  multifrequency 
LCR  meter,  HP  4274. A  and  4275A  in  the  frequency  range  of 
IO*— 107  Hz,  with  basic  accuracy  of  0. 1  %.  The  biased  pyro¬ 
electric  currents  were  measured  with  the  HP4140B  picoam- 
pere  meter.  A  Delta  Design  model  2300  environment 
chamber  covered  the  temperature  range  from  —  i  50  to 
200  *C.  using  liquid  nitrogen  as  a  coolant.  Temperature* 
were  measured  with  a  Fluke  3502A  digital  multimeter  via  a 
platinum  resistance  thermometer  mounting  directly  on  :he 
ground  electrode  of  the  sample  fixture.  A  HP  9825 A  desxtop 
computer  was  used  tor  on-line  control  of  automatic  mea¬ 
surement  through  a  HP  69048  muitiprogrammer  ’.menace. 
Ail  the  data  were  recorded  on  flexible  magnetic  discs.  Spe¬ 
cial  software  was  developed  for  automatic  measurement. 
Linear  temperature  change  wuh  specifiea  rates  *as  easily 
achieved.  The  reproaucioiiity  or  measurements  vas  excel¬ 
lent. 

All  the  measurements  were  made  on  fresiiiy  tr.ermaily 
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FIG.  1.  Temperature  dependence  of  dielectric  constant  sc  PLZT  3:63:33 
coder  de  tuns  of  3  kV/aa  at  h«atin(  rat*  of  3  'C/m un. 

depoied  samples.  Samples  were  heated  above  150  ‘C.  then 
cooled  down  below  —  75  ‘C.  Bias  was  applied  at  —  75  *C 
and  then  the  sample  reheated  from  this  temperature. 

IV.  EXPERIMENTAL  RESULTS 

The  temperature  dependence  of  the  weak  held  dielec¬ 
tric  permittivity  at  several  frequencies  applied  to  an  3:65:35 
PLZT  ceramic  under  a  dc  bias  of  3  kV/cm  applied  at 
—  75  *C  and  measured  on  slow  heating  ( 3  'C/mm)  is  shown 
in  Fig.  1.  The  peak  labeled  T,  observed  near  0  *C  is  a  new 
phenomenon  heretofore  unobserved  in  this  system,  and  ap¬ 
pears  to  divide  the  response  into  four  distinct  regions.  There 


FTG.  3.  Temperature  dependence  of  dieieetnc  constant  of  PLZT  3  o3:J3ai 
wtftout  and  ibi  under  Oe  oias  of  3  <v  -'ctti  at  cooling  rate  of  3  "Z.  min. 


FTG.  3.  Temperature  dependence  of  I ai  Oielecmc  constant  X  and  ibl  dic.ec 
tncsoflbeD  l/Koi PLZT  3:63:33  unaer  different  bias  dad  at  constant  neat- 

in|  rate. 

is  a  dispersive  region  below  T,  1 1,  a  largely  nondispersive 
region  between  T.  and  Ti ,  a  temperature  often  referred  to  as 
thea-i?  phase  change  (21,  a  second  dispersive  region  between 
TV  and  Tm  the  temperature  of  the  dielectric  maximum  3i. 
and  a  second  nondispersive  region  above  Tm  A>. 

In  a  sample  cooled  without  bias  from  above  ,  regions 
|1)  and  (3)  cojoin  filling  the  whoie  temperature  range  oeiow 
Tm  and  appear  to  be  of  completely  similar  property  Tig. 
2(ai].  On  cooling  under  dc  bias,  however.  T,  is  reproduced. 


FTG.  -t  L.near  relation  eetween  ogamflm  of  mas  ieid  .n  S  ..id  •sctorccn 
of  transition  temperature  : .  7 
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r!G.  5.  Kinase  behavior  of  iransuoo  at  T,  under  different  n canal  rate*. 


but  region  i2)  now  persists  down  to  die  lowest  temperatures 
measured  and  region  1 1)  is  lost  [Fig.  21bi]. 

At  a  constant  heating  rate  T,  shirts  to  a  lower  tempera¬ 
ture  with  increasing  bias  [Fig.  3(ai]  the  “transiBon'*  being 
most  obvious  m  the  dielectric  stiffness  [Fig.  3lbij.  It  would 
appear  that  the  product  k  T,  In  £  is  approximately  constant 
over  the  field  range  studied  (Fig.  *  is  an  arbitrary  con¬ 
stant. 

For  field  below  1  kV/cm  no  T,  peak  was  observed,  but 
at  intermediate  field  ieveis  it  was  clear  that  the  temperature 
Tf  depends  on  the  heating  rate,  increasing  with  faster  heat¬ 
ing.  but  being  difficult  to  observe  for  rates  above  5  'C.’tmn 

i  Fig.  5). 


FIG.  *  The  buildup  and  decay  of  lai  die  remanent  sounzuion  and  ibi  asao- 
ctatod  diarpnf  and  docharpni  current  at  PLZT  S.-65  J3  under  dc  biaa  of  5 
it  V  /an  at  constant  heaonf  rate. 


Prepoied  samples  do  not  exhibit  the  Tr  peak  and  in  no 
sample  could  we  detect  ’Jus  change  on  cooling  from  high 
temperature.  A  necessary  preconditioning  is  that  the  sampie 
be  cooled  in  an  un  poled  state  and  'Jhe  field  applied  at  low 
temperature. 

Aging  the  sampie  at  temperatures  below  Tm  appears  to 
preferentially  reduce  the  dispersive  component  of  K  Res'.  T 
and  for  such  samples  the  peak  at  Tr  was  smeared.  In  long 
aging  at  low  temperature  the  T,  peak  was  often  to  the  point 
where  the  change  was  difficult  to  discern  at  all. 

That  the  dielectric  changes  are  associated  with  the 
buildup  and  decay  of  marcropolanzanon  has  been  con¬ 
firmed  by  pyroelectric  measurements  using  the  3yer- 
Roundey1  technique. 

The  remanent  polarization  builds  up  rapidly  in  the  vi¬ 
cinity  of  T,  for  a  sampie  heated  from  the  depoied  condition 
under  a  field  of  3  kV/cm  [Fig.  biaij  ana  the  charging  current 
associated  with  this  buiidu.  s  evident  in  the  current  curve  in 
Fig.  bib!  and  is  in  sharp  contrast  to  the  depoiing  current  peax 
at  Tt.  Similar  curves  for  a  larger  field  of !  kV  cm  [F.gs.  “lai 
and  "(bi]  confirm  the  dielectric  trends  for  T  and  7, . 

The  asymmetry  on  cooling  is  ctearly  evident  ,n  F.gs. 
3(ai  and  3(bi  which  show  that  once  the  macroooiartzeo  state 
is  esubiished  it  toes  not  decay  again  on  cociing.  Thus,  cmy 
the  poling  current  peax  is  eviaent  in  Fg.  fil b>. 

For  l  3-<V  cm  field  the  oenavior  :f  oreroiec  me  ce- 
poied  samples  :s  contrasted  directly  m  Fg.  - 


FTG.  a  The  butiduo  and  aeeav  of  'n  tne  rtmzrten.  ooianzation  and  Si  mo- 
ciated  Charging  and  disenarging  curmi  ot'FLZT  Vo5:j3  under  ac  btaiot  i 
«  constant  neaiing  rate. 


V.  DISCUSSION 

The  evidence  presented  above  suggests  strongly  chat 
neither  T,  nor  Tt  are  associated  with  conventional  phase 
changes  in  the  dielectric.  The  dispersive  character  below  Tm 
in  the  virgin  state  is  similar  to  that  observed  in  many  reiaxor 
terroelectncs  and  is  attributed  to  heterophase  micro  regions 
which  are  disordered  m  the  thermally  depoied  state.  Since 
these  '‘domains'*  are  on  a  scale  much  smaller  than  the  x-ray 
coherence  length  or  the  wavelength  of  light,  the  structure 
appears  cubic  below  Tm  to  most  macroscopic  tests. 

Under  bias  fields,  the  large  dipole  moments  of  the  mi- 
crodomains  will  experience  strong  orienting  force  and  ap¬ 
parently  at  Td  microdomains  can  build  into  macrodomains 
wuh  consequent  distortion  of  the  structure,  the  manifesta¬ 
tion  of  opncai  birefringence,  and  the  emergence  of  the  shape 
memory  of  ferroelastic  macro  twins. 

Once  established  below  Td,  the  ordered  state  will  per¬ 
sist  down  to  absolute  zero,  and  no  lower  change  is  to  be 
expected.  Gearly,  however,  the  kinetics  of  microdomain 
rearrangement  will  slow  up  with  reducing  temperature.  We 
suggest  that  for  thermally  depoied  samples  in  the  region  be¬ 
low  0  *C  the  kinencs  is  sufficiently  slow  that  a  dc  bias  is 
unable  to  effiect  reonentauon  in  a  reasonable  time,  and  the 
disordered  state  persists.  If,  however,  the  biased  disordered 
microdomain  system  is  now  heated  at  a  constant  rate,  order¬ 
ing  can  occur  at  a  suitable  temperature  when  the  rates  have 
speeded  up  sufficiently.  Thus  higher  fields  or  slower  heating 
rates  will  both  serve  to  depress  the  temperature  Tf  of  the 
change  from  micro-  to  macro-ordering. 


FtO.  3.  11  The  remanent  polarization  ina  bi  uharging-iischargtng  current 
if  PLZT  3:93:33  under de  otas  of  3  *V  ctn  at  nesting  and  cooling  measure¬ 
ment. 


FIG.  )  ai  The  remanent  polarization  and  ibi  cnarging-discharging  currtr.: 
of  prepoled  and  depoied  PLZT  3  93  33  samples  under  sc  otasof  3  »V  .mat 
constant  heating  rate. 

The  sequence  of  dielectric  and  pyroelectric  observa¬ 
tions  are  consistent  with  this  suggested  pattern.  If  T\  were 
an  a-0  phase  change,  as  has  been  suggested  earlier,  then  it 
would  necessarily  imply  that  the  change  at  T.  was  a  conven¬ 
tional  poling  phenomenon.  In  this  case  the  kinetics  of  the 
behavior  would  be  difficult  to  explain,  and  the  dear  contin¬ 
uity  of  the  dispersions  in  regions  li  and  ci  for  unbiased 
crystals  would  be  a  remarkable  coincidence. 

On  balance  we  feel  that  the  buildup  and  decay  of  macro- 
domains  from  polar  microregions  provide  3  vaiid  descrip¬ 
tion  for  all  observed  phenomena.  A  more  subtle  ’phase 
change’’  explanation  may  be  possible,  however,  bearing  in 
mind  the  scale  or  the  polar  microregions  postulated.  Since 
the  onset  of  a  non.  ero  polarization  will  occur  at  u  different 
temperature  in  each  microregion  over  the  temperature  rang* 
of  the  dispersive  dielectric  permittivity  peak,  it  may  well  be 
that  on  a  global  scale  these  local  onsets  should  not  be  consid¬ 
ered  as  phase  changes. 

In  this  view  then,  the  crystal  may  be  regarded  as  being 
macroscopically  cubic  over  the  whole  temperature  range. 
Below  some  temperature  T.  between  T,  and  T..  this  "cuoic" 
nonpolar  phase  becomes  metastabie  wuh  respect  :o  a  ma¬ 
croscopically  polar  phase  and  the  crystal  can  be  forced  into 
the  more  stable  state  by  a  poling  field.  Thus  T.  and  T  may¬ 
be  regarded  as  a  fieid-forced  phase  change  to  a  poiar  state 
and  a  thermaJ  depoling  into  a  macroscopicailv  nonpolar 
state,  respectively. 

A  question  of  major  interest  which  remains  unresolved 
is  the  nature  of  the  suograin  neterogeneitv  m  me  PLZT 
which  favors  relaxor  benavtor  It  may  be  suspectec  mat  me 
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very  high  levels  of  lanthanum  doping  could  give  nse  to  par¬ 
tial]  y  ordered  planar  defects  which  could  serve  to  interrupt 
and  limit  the  polarization  on  the  appropriate  scale,  but  much 
more  detailed  structure  work  is  required  to  delineate  this 
heterogeneity. 
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The  dielectric  and  piezoelectric  properties  (d— p  properties)  of  four  kinds  of  doped  lead 
titanate  zirconate  piezoelectric  ceramics  (PZTs)  have  been  measured  from  4.2  to  300  K. 
The  d— p  properties  of  the  materials  converge  with  decreasing  temperature  down  to  liquid 
helium  temperature,  even  though  the  properties  have  large  differences  at  room  tempera- 
tue.  The  values  of  mechanical  and  electrical  quality  factors,  Qm,  Q„  and  of  the  frequency 
constant,  N,  of  the  materials  increased  at  low  temperature.  It  is  evident  from  the  freeze 
out  in  K'  and  the  associate  temperature:  frequency-dependent  maxima  in  tan  5  that  the 
relaxation  processes  including  ferroelectric  domain  wail  motion  and  thermal  defect 
motion  contribute  to  the  d— p  properties.  The  Navy  type-1 1 1  composition  has  a  minimum 
temperature  coefficient  of  d— p  parameters  and  it  is  evident  that  PZT  ceramics  modified 
with  Pe103  can  provide  good  stability  and  also  give  the  strongest  piezoelectric  response  at 
liquid  helium  temperature. 


1.  Introduction 

PZT  ceramics  with  composition  close  to  the 
morphotropic  phase  boundary  (MPB)  have 
increased  d— p  properties  [1.  2].  However,  most 
of  the  practical  PZT  ceramics  are  modified  by 
adding  different  dopants  to  maximize  specific 
properties.  These  dopants  can  be  divided  into  two 
groups  as  follows  (3 1: 

(1)  "softeners”:  which  cause  a  decrease  in  the 
coercive  field,  electric  and  mechanical  quality 
factors,  while  increasing  the  dielectnc  constant 
and  piezoelectric  coupling  factors.  The  typical 
softeners  are  L^O-j,  Mb-Oj,  Taj05  and  Sb,03; 

(2)  "hardeners”:  which  cause  an  increase  in 
the  coercive  field  and  quality  factors,  and  a 
decrease  in  dielectric  constant.  The  typical 
hardeners  are  Fe.O,.  MgO  and  Sc:03 . 

The  mechanisms  by  which  these  modifiers 
act  upon  the  properties  are  rather  complex,  but 
basically,  their  effects  can  be  explained  by  the 
theory  of  vacancy  compensation  ui  the  lattice 
of  PZT  [4|  and  of  space  charge  effects  [5], 

Investigating  the  d— o  properties  or'  modified 


PZT  ceramics  in  a  wide  temperature  range  should 
provide  some  additional  information  about  the 
mechanisms  by  which  the  dopants  effect  the 
properties  of  PZT  ceramics  and  also  some  infor¬ 
mation  about  phase  transitions  in  the  PZT  system. 


:  id  -GO  SO  .'GO  :so  see 
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Figure  l  \  plot  or  dielectric  constant.  oiainsc  -em- 
perature  measured  or  i  -repuenev  or  :  <Hz.  ana  electric 
•ield  itrenvrfi  or  iOV.m'  -'or  -our  :vpes  o'r  Jocea  ?Z? 
ceramics. 
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FlfUrt  2  A  plot  o ('  inapmoon  factor  i^ainst  temperature 

measured  at  a  frequency  of  l  kHz  field  strength.  £„  of  F'*un  4  A  ?“»  3‘  :r«uency  constant  .V,,  gainst  tern- 
10  V  cm  •’  for  tout  types  of  senmjcs.  petature  tor  tour  typo  of  PZT  ceramets. 


The  study  of  commercial  ?ZT  wtil  also  give 
the  application  engineers  a  data  base  from 
which  to  choose  PZT  types  for  low-temperature 
applications. 

2.  Experimental  procedure 
The  samples  used  in  this  study  were  a  family  of 
commercial  PZT  from  one  manufacturer  that  are 
categorized  as  Navy-type  I,  II.  Ill,  and  V.  The 
main  compositions  of  the  ceramics  is  lead  titanate 
zirconate  and  each  type  is  modified  by  different 
dopants.  The  samples  were  received  in  the  form 
of  prepoled  and  slivered  discs.  When  possible, 
measurements  were  made  on  the  undisturbed 
discs,  but  it  was  necessary  to  cut  and  repole  bar- 
shaped  specimens  to  fill  file  dimensional  require¬ 
ments  of  the  IRE  standards  on  piezoelectric 
crystals  (6|.  When  the  ceramics  were  reshaped. 


fired  or  sputtered  on  silver  or  gold,  electrodes 
were  used.  .Ail  shapes  met  the  dimensional  require¬ 
ments  of  file  standard  and  were  suspended  m 
vacuum  by  fine  Cu  or  Ag  wire. 

The  resonance  measurements  were  made  on  a 
Hewlett  Pickard  spectrum  analyser  moaei  3595a 
and  dielectric  measurements  were  made  on  an 
automatic  capacitance  bridge  Hewlett  Picxara 
Modei  *270  or  *275. 

3.  Results  and  discussion 
Figs.  I  and  2  show  the  temperature  dependences 
of  the  dieiectnc  constant  «f3  and  dissroauon 
factor  in  the  range  *  2  to  300  K.  The  ff3  and 
tan  5  decreased  and  converged  at  very  low  tem¬ 
perature.  This  shows  that  file  case  composition  of 
file  four  kinds  of  ceramics  is  very  close.  At  room 
temperature,  file  ««  were  widely  separated. 


“gu/e  J  Vfechamcai  2m  -cemoeracure  Ceoendencs  'or  r-furt :  *  mot  oi  treouenev  .onstant.  .V;.  teams! 
our  types of  ioped  PZT  .srimtcs.  oeracure  tor  'our  types  jr  PZT  .eramics. 


Flgun  6  A  plot  of  planar  coupling  factor.  <p,  against 
tempera  tun  for  four  types  of  PZT  ceramics. 

clearly  a  result  of  the  different  dopants.  For  types 
I  and  m,  which  are  the  hard  materials  modified  by 
hardeners  NiO  and  Fe-,03,  respectively,  the 
permittivity  is  smaller.  The  soft  materials,  types  II 
and  IV,  which  were  modified  by  softeners  Nb,Oj 
and  Sbr05,  respectively,  have  higher  permittivity. 
From  Fig.  2  it  can  be  seen  that  every  sample  has 
a  characteristic  tan  5  peak;  it  suggested  that  there 
is  at  least  one  relaxation  process  for  each  sample 
in  this  range  of  temperature.  The  relaxation 
processes  could  be  connected  with  the  impurity 
ions  and  with  domain  walls  or  phase -boundary 
motion.  At  very  low  temperature,  these  chermaiiy 
activated  effects  are  “frozen”  out  which  makes  the 
ejj  and  tan  <5  converge  to  the  average  of  the 
intrinsic  single-domain  properties. 


Figs.  3  to  5  show  the  mechanical  quality  factor, 
Qm,  and  frequency  constant  .V,  (planar)  and  .Vt 
(thickness).  The  Qm  of  hard  matenais,  types  I  and 
III,  are  much  larger  than  those  of  the  softer 
materials.  Because  the  relaxation  processes  are 
“frozen”  out,  Qm  becomes  very  high  for  ail  of  the 
samples  at  very  low  temperature.  For  hard  matenais 
I  and  HI,  the  temperature  coefficient  of  .Vp  and 
.V[  are  much  smaller  than  for  the  softer  materials. 
All  of  the  frequency  constants  decreased  with 
increasing  temperature,  except  for  type  III;  its 
.V,  is  anomalous  in  the  4.2  to  80  K  range. 

The  PZT  system  has  intrinsically  p-type  conduc¬ 
tivity  resulting  from  excess  Pb  vacancies  [7],  If 
5-valence  ions  replace  Zr4*  or  Ti4*,  or  3-valence 
ions  replace  Pb:*  (or  vacancies  of  Pb:*),  they 
behave  as  donors.  The  donors  decrease  the  conduc¬ 
tivity  by  eiectron-hole  compensation.  The  aieo- 
vaient  ions  which  enter  the  lattice  and  replace  the 
Pb:*  or  Zr4*  or  Ti4*,  provide  the  relaxation  ions  that 
contribute  to  the  dielectric  polarization  and  piezo¬ 
electric  properties.  The  motions  of  relaxing  ions 
under  stress  is  an  intrinsically  lossy  process  [8], 
and  therefore  reduces  the  electrical  and  mechanical 
quality  factors,  Q,  and  2m,  even  though  the  d.c. 
resistivity  is  increased. 

Because  of  additional  polarizability  associated 
with  the  defects,  the  “soft”  matenais  have  larger 
coupling  factor  values  and  piezoelecmc  constant 
values  than  “hard”  materials  at  higher  temperature . 
as  can  be  seen  in  Figs.  6  to  10.  “Hard”  matenais. 
types  I  and  III,  have  smaller  k  and  d  values,  and 
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Flfun  3  A  plot  oi  coupling  tu¬ 
tor.  kn,  against  tempera nire  for 
four  types  or  ?Z7  ttnnia. 
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also  snailer  temperature  coefficient  of  t,  '<,  and  d  solubility  in  the  PZT  lattice.  Polarization  stiffening 

parameters.  The  effects  of  “hardeners”  are  in  has  been  postulated  to  occur  by  the  orientation 

many  ways  opposite  to  that  of  the  “softeners”  of  slowly  reonentabie  defect  dipoles  in  the  lattice 

They  behave  as  acceptors,  not  as  donors.  For  and  by  space  charge  development  at  the  grain 

example,  the  impurity  ion  of  type  III  as  Fe>  (or  boundary  where  the  sxsoived  additional  F*J*  may 

Fe1*).  Since  its  ionic  radius  is  very  ciose  to  the  be  compensated  by  domain  polarization  or  may 

radius  of  Zr**  or  Ti4*,  the  FeJ*  ion  enters  the  give  rise  to  a  second  phase.  The  acceptor  dopant 
Pb(Til.,.Z:,)0-j  lattice  to  replace  TI4*  or  Zr**.  In  additions  contribute  little  to  the  poianzabiiity  and 

this  location  it  lacks  an  outer  electron  and  acts  as  actually  stiffen  out  some  of  the  extrinsic  poiar- 

an  acceptor  to  make  the  hole  concentration  izability  of  the  pure  material.  The  limited  stiffen- 

increase,  producmg  a  more strongiy  p-type  ceramic,  mg  of  the  hard  material  (types  l  ana  III)  with 

The  modification  with  Fe**  creates  oxygen  reduced  temperature  is  qualitatively  ixptainea 

vacancies  and  therefore  tends  to  limit  its  own  by  this  effect. 
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Figure  10  A  plot  of  piezoelectric 
constant,  d„,  against  tempera* 
tare  for  four  types  of  PZT 
ceramics. 


TEMPERATURE 

The  second  mechanism  that  may  alter  the  d-p 
properties  with  reduced  temperature  is  a  change  in 
phase  content  (tetragonal— rhombohedral)  due  to  a 
finite  temperature  dependence  of  the  morpho- 
tropic  boundary.  Some  evidence  for  this  shift  may 
be  contained  m  the  temperature  dependence  of 
tan  5,  but  the  maxima  as  observed  in  Fig.  2  could 
also  be  associated  with  minor  dielectric  relaxation 
processes. 

4.  Conclusions 

The  main  d— p  properties  of  four  kinds  of  doped 
PZT  ceramics  (  two  of  them  hard  materials,  another 
two  soft  materials)  have  been  measured  from  4 .2 
to  300  K.  The  hard  materials  (types  I  and  til)  have 
smaller  dielectric  and  piezoelectric  activiues.  but 
they  also  have  smaller  temperature  coefficients  of 
d— p  parameters.  For  very  low  temperature  appli¬ 
cation,  they  may.  in  fact,  be  preferable  to  the  soft 
materials.  In  both  types  of  doped  materials,  evi- 


(K) 

dence  for  dielectric  relaxation  mechanisms  is  given 
by  the  temperature-frequency  course  of  the 
permittivity  and  tan  5 ,  and  it  is  clear  that  the 
processes  are  significantly  different  in  the  two 
cases. 
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Abstract  Neutron  diffraction  and  diffuse  neutron  scattering 
experiments  upon  samples  of  chemically  co-precipitated 
Pb(Zro. gTiQ^ 4)0^  PZT  reveal  an  interesting  diffuse  behavior, 
and  a  modulation  of  the  background  intensity.  The  observa¬ 
tions  are  consistent  with  the  development  of  a  short  range 
order,  either  in  the  Zr:Ti  distribution,  or  in  the  occurrence 
of  a  precursor  for  Che  ferroelectric  tetragonal  phase  which 
becomes  stable  at  the  morphotropic  composition.  To  test  the 
latter  hypothesis,  a  phenomenological  energy  function  has  been 
used  co  calculate  the  separation  in  free  energy  AG,  between 
cecragonal  and  rhombohedral  forms  over  the  whole  temperature 
range  below  Tc. 


INTRODUCTION 

The  PZT  crystalline  solution  system  ?b(ZrxTi]__x)03  between 
antiferroelectric  lead  zirconate  (PbZr03)  and  ferroelectric  lead 
citanate  (PbTI03)  embrace  a  number  of  extremely  important  composi¬ 
tions  used  in  the  electronic  industry.  These  compositions  are 
grouped  close  to  the  morphotropic  phase  boundary  MPB  (xM3.5)  Figure 
1.  Transducer  elements  such  as  sonar  transmitters  and  detectors 
are  made  of  poled  PZT  compositions  near  the  MPB  where  dielectric, 
piezoelectric,  and  electromechanical  coupling  coefficients  are 
unusually  high-1-.  There  are  two  ferroelectric  compositional  regions 
in  Che  PZT  phase  diagram:  (i)  A  ferroelectric  tecragonal  (Pimm) 
for  x  *  0  co  x  <  0.5;  and  (ii)  A  ferroelectric  rhombohedral  for 
>x  >  0.5.  Furthermore,  the  rhombohedral  region  encompasses  two 
cryscallographically  distinct  rhombohedral  phases,  a  high  tempera¬ 
ture  (R3m)  phase,  and  a  low  temperature  (P,3c)  modification.  The 
ferroelectric  tetragonal  and  rhombohedral  symmetries  are  derived 
from  the  ideal-high  cemperacure-prococypic  (Pm3m)  cubic  oerovskice 
structure. 

Recent  low  temperature  neutron  diffraction  and  diffuse  neutron 
scattering  experiments  on  chemically  coprecipitated 
PbCZrg. gTiQ_4)03^  revealed  some  interesting  and  unusual  features: 
(i)  The  rhombohedral  (R3c)-rhombohedral  (R3m)  phase  transition  is 
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Figure  1.  Lead  zirconata 

(?b2r03)-lead  ci tan- 
ace  phase  diagram  (I). 


Figure  2.  Temperature  depend¬ 
ence  of  the  integrated 
intensity  of  the 
pseudocubic  311 
reflection. 

PHENOMENOLOGICAL  ANALYSIS 


rather  broad,  and  the  transition 
temperature  is  not  well  defined 
(somewhere  between  230  and  3QGK) 
as  determined  from  the  tempera¬ 
ture  dependence  of  the  strongest 
pseudocubic  311  reflection  (Fig. 
2) ;  (ii)  The  diffuse  neutron 
scattering0data  taken  at  293  1< 
with  1.65  A  neutrons  revealed  a 
quite  distinct  modulation  to  the 
background  scattering  as  can  be 
seen  in  Figure  3  (lower  pattern) . 
This  type  of  background  modula¬ 
tion  most  likly  arises  from 
static  displacements  in  preferred 
directions,  3ince  random  dis¬ 
placements  would  simply  lead  to 
a  monoconically  increasing  back¬ 
ground.  as  is  characteristic  of 
thermal  diffuse  scattering; 

(iii)  Calculations  showed  that 
a  simple  model  involving  relaxa¬ 
tion  of  about  0.1  A  of  the  six 
oxygen  acorns  in  a  TiOg  octahedron 
towards  the  small  Ti  atom  is 
qualitatively  consistent  with 
the  general  shape  of  the  tune. 
However,  the  221  SC  data  which 
were  obtained  with  much  better 
counting  statistic  (Fig.  3, 
inset)  show  some  structure  in 
the  Q  range  0. 9-3.0  A"-  Q  * 
(4rsin6)A,  indicative  of  addi¬ 
tional  correlation.  These  may 
reflect  a  short  range  order 
which  is  a  precursor  of  the 
tetragonal  phase,  or  perhaps 
a  tendency  towards  ordering  of 
Zr  and  Ti  atoms. 


In  this  work,  it  appeared  desirable  to  use  the  recently 
extended  thermodynamic  phenomenology  to  examine  the  relative 
stability  points  of  the  rhombohedral  rP_3m)  and  tetragonal  ?'-am) 
modifications  of  Pb(ZrQ. ^Tiq. UJO3  over  the  temperature  range  from 
100  X  up  to  the  critical  point  Tc  '6«* 0  X)  .  For  simple-proper 
f erroelactrics  derived  from  a  procotypic  Pm3m  symmetry,  the 
Landau-Ginzburg-Oevonshire  thermodynamic  potential  0  takes  the 
form  (for  3riliouin  zone  cetar  modes) 
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SCATTERING  ANGLE.  26  (daq) 

Figure  3.  Diffuse  neutron  scattering  from  Pb(Zrg. olio. 4)03. 

(a)  Data  taken  at  295  K  (1.65  A  neutrons),  (b) 
Data  taken  with  better  counting  statistics  at 
221  K  (2.64  A  neutrons).  Gaps  in  data  corre¬ 
sponds  to  Bragg  peaks.  Arrows  (c)  indicate  peak 
positions  derived  f$om  a  pseudocubic  perovskite 
cell  with  a  »  4.08  A. 
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where  a'{j  ,  are  relatad;jto  dielectric  stiffness  and  highe 

order  stiffness  coefficients;  si_j_,  s?^’  3?4  are  -he  elastic  tempi 
ances  measured  at  constant  polarization;  Q]_i.  Q40  ere  the 

eiectrostriction  coefficients  written  in  polarization  notation. 
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The  expression  is  complete  up  to  all  sixth  power  cams  in  poiariza- 
cion,  but  contains  only  first  order  cams  in  electros triccive  and 
elastic  behavior. 

Tensor  coefficients  in  the  free  energy  function  (1)  which  fit 
the  observed  PbZr03-?bTi03  phase  diagram  and  che  observed  physical 
properties  (dielectric,  piezoelectric ,  and  ocher  coupling  coeffi¬ 
cients)  have  been  determined.  In  che  analysis  of  che  relative 
stability  points  as  a  function  of  temperature  for  che  rhombohedral 
and  cecragonal  modif ications  of  ?b(ZrQ.  ^Hq.  4)03  it  was  assumed 
chat  all  stresses  are  absent  (Xjj  ■0). 


RESULTS  AND  3ISCUSSI0N 


The  cemperacure  dependence  of  che  free  energy  function  of  che 
cecragonal  (Pimm)  and  rhombohedral  (TJm)  phases  are  depicted  in 
Figure  4.  The  orthorhombic  (3mm2)  modification  of  che  prococypic 
(Pm3m)  symmetry  is  always  aecastable  over  che  cemperacure  range  of 
interest,  and  therefore,  omitted  for  claricy.  It  is  obvious  from 
Figure  4  chat  che  rhombohedral  phase  is  che  most  3 cable  phase  over 
che  entire  temperature  range  as  suggested  by  che  widely  accepced 
phase  diagram  (Fig.  1).  On  che  other  hand,  at  temperatures  well 
below  che  critical  point,  che  tetragonal  phase  chough  lass  stable 


is  close  in  free  energy  and  this 
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may  be  reflected  as  a  short  range 
precursor  of  this  tetragonal 
phase  occurring  as  suggested  by 
the  diffuse  neutron  scattering 
data.  However',  it  is  interest¬ 
ing  co  noce  chat  at  a  cempera¬ 
cure  10  K  below  che  critical 
point  (640  .<)  ,  chare  is  a 
rhombohedral  (Pom) -cecragonal 
(?4mm)  degeneracy.  Such  a 
degeneracy  implies  chat  che  two 
symmetries  coexist  with  equal 
probability  over  a  iimiced 
temperature  range  below  che 
critical  poinc.  The  concept  of 
an  extended  "different  symmecry 
region"  in  che  lead  zirconaca- 
cicanace  phase  diagram  was 
discussed  earlier  by  Isupov^.- 
with  regard  co  che  norpnocropic 
phase  boundary.  Isupov  showed 


Figure  4.  Temperature  dependence 
of  che  elastic  Oibbs 
functions  of  che 
rhombohedral  (R3m;  and 
cecragonal  .  ?4mm)  modi¬ 
fication  of 


chat  it  is  energetically  possibl 
co  have  stable  tetragonal  (Pimm) 
and  rhombohedral  (R3m)  phases  in 
che  interval  from  xp%  to  x-  where 
xx  >  Xn  throughout  che  cempera¬ 
cure  range  from  room  cemperacure 
up  co  che  critical  ooir.c, 
although  one  of  these  pnases  car. 
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be  metastaole  relative  to  the  other  phase  in  one  part  of  this 
interval  and  vice  versa  in  the  other  part.  Ari-Gur  at  al.-3  later 
reported  a  coexistence  region  of  both  rhombohedral  and  tetragonal 
morpnotrooic  ?b  (ZrxTi].-x)  O3  structures.  3ased  on  x-ray  profile- 
fitting  analysis  of  morpnotrooic  PZT  compositions  prepared  from 
mixed  oxides  (dry  technique),  the  coexistence  region  was  found  to 
extend  from  x  *  0.49  to  x  *  0.61.  On  the  other  hand,  vhen  these 
compositions  were  prepared  by  a  "vet-dry  combination  technique"  no 
coexistence  of  these  two  phases  vas  found,  and  the  coexistence 
behavior  vas  explained  in  terms  of  compositional  fluctuation^.  In 
a  recent  study,  Kakegawa  at  ai.  developed  a  special  technique  to 
obtain  monophasic-morpho tropic  PZT  ceramic  compositions  exhibiting 
no  coexistence  and  no  composicionai  fluctuations  in  the  3-site 
perovskice  structure.  The  interesting  finding  of  Kakegawa  et  al. 
work  vas  that  the  monopnasic  compositions  exhibited  a  sluggish 
R3m  —  Pimm  phase  transition  or  vice-versa  as  a  function  of  time 
after  poling  when  they  became  made  up  of  coexistent  tetragonal 
and  rhombohedral  phases.  In  a  future  work,  ve  intend  to  use  the 
profile-fitting  technique  of  temperatures  close  to  the  critical 
point  of  ?b (Zrg. gTio. 4)03  to  examine  the  rhombonedrai-tetragonal 
degeneracy. 
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A  new  technique  has  been  developed  for  poling  PZT  fibers  ind  nbbons  along  the  length  by  gradually  advancing 
them  past  two  flexible  surface  electrodes  maintained  at  the  required  potential  difference.  The  limitation  on  poling 
very  thick  nbbons  posed  by  the  surface  electrodes  has  been  determined  experimentally.  New  possibilities  .n 
designing  composite  piezoelectric  devices  using  prepoled  PZT  fibers  and  nbbons  are  presented. 


INTRODUCTION 

One  of  our  major  interests  in  the  past  few  years  has  been  in  the  development  of  diphasic 
composite  transducer  materials  made  from  polymers  and  lead  zirconate  titanate  t  PZT) 
ceramics  with  highly  improved  hydrostatic  pressure  sensitivity. '-1  The  concept  of  phase 
connectivity  (the  manner  in  which  the  individual  phases  are  interconnected)  has  been  used 
to  optimize  the  electric  flux  pattern  and  mechanical  stress  distributions  in  attaining  remark¬ 
able  improvement  of  hydrostatic  strain  coefficient  (dH)  and  voltage  coefficient  (gj  over  the 
corresponding  values  for  solid  PZT. 

Of  the  several  different  connectivity  patterns  studied.  -PZT-polymer  composites  with 
1-3  connectivity  have  been  investigated  most.  In  addition  to  its  excellent  low  frequency 
properties  for  hydrophone  applications,  its  adaptation  to  high  frequency  applications,  such 
as  ultrasonic  medical  diagnosis,  appears  very  promising.5  These  composites  with  1-3 
connectivity  consist  of  parallel  PZT  rods  embedded  in  a  three  dimensional  polymer  matrix. 
A  Jetailed  procedure  for  fabricating  composites  wtch  1-3  connectivity  has  been  reported 
by  Klicker  and  co-workers.’  In  brief.  PZI-aOlA"  rods  were  extruded  using  an  organic 
binder  and  then  tired  at  1235’C  for  one-half  hour.  Fired  rods  were  aligned  using  an  array 
of  appropriately  spaced  holes  drilled  in  a  pair  of  brass  discs  bolted  parallel  to  each  ocher. 
The  array  or  PZT  rods  was  then  cast  in  a  polymer  matrix.  The  composite  so  formed  -ws 
cut  perpendicular  to  the  length  of  the  rod  and  polished  to  required  thickness.  The  com¬ 
posite  was  electroded  wuh  silver  paint  on  the  major  surfaces  and  poled  conventionally  by 
applying  an  electric  field  of  20  kV/cm  across  the  electrodes  for  five  min  in  a  heated  oii 
bath  at  80°C.  A  high  voltage  power  supply  with  a  range  of  up  to  ten  !<V  limits  the  thickness 
of  the  composites  to  approximately  4  mm.  Composites  thicker  than  4  mm  cannot  be  poled 
to  -.aturation  poianzanon  using  a  10  !<V  power  supply.  Also,  the  probability  of  dieiectnc 
breakdown  is  greater  when  poiing  thicker  samples.  Tnese  limitations  on  the  con\entionui 
poling  have  been  overcome  with  a  recently  developed  continuous  poiing  technique  'or 
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poling  long  PZT  fibers.*  In  this  paper  we  describe  the  technique  and  discuss  its  geometric 
limitations  in  poling  large  diameter  fibers,  and  mention  a  few  new  possibilities  for 
composite  devices  made  from  prepoled  fibers  and  ribbons. 

CONTINUOUS  POLING  TECHNIQUE 

The  continuous  poling  technique  uses  the  idea  of  gradually  advancing  PZT  ribbons  or 
fibers  past  two  flexible  surface  eiectrudes  maintained  at  the  required  potential  difference. 
The  experimental  arrangement  for  continuous  poling  of  PZT  ribbon  is  show  n  in  Figure  1 
It  consists  of  two  metal  plates  with  rectangular  coilinear  slits  separated  by  a  distance  of 
1-4  mm.  A  carbon-loaded  conductive  polyurethane  strip  with  an  opening  for  the  ribbon 
to  move  in  the  vertical  direction  was  attached  to  the  bottom  of  each  metai  plate  using 
conductive  silver  epoxy.  The  openings  in  the  metal  plate  and  conductive  polyurethane  stnp 
were  made  circular  to  pole  PZT  fibers.  The  conductive  polyurethane  strips  serve  as  flexible 
surface  electrodes  for  contacting  the  PZT  ribbons  or  fibers.  The  entire  system  was 
immersed  in  an  oil  bath  at  80°C.  PZT  ribbons  were  pulled  through  the  openings  in  the 
conductive  polyurethane  and  metal  plates  at  a  rate  of  1  mm  per  min.  An  electric  field  of 
20  kV/cm  was  applied  between  the  two  electrodes. 

PZT-501A  ribbons/ fibers  of  200  to  600  i±m  in  thickness/diameter  and  several  centi¬ 
meters  long  were  poled  to  saturation  polarization  using  this  technique.  Piezoelectric 
coefficients,  measured  using  a  d)}  meter,  were  in  the  range  of  400  to  450  pC/N  which 
compares  favorably  with  reported  d}}  value  of  400  pC/N  of  PZT-501A. 


CONTINUOUS  POLING  OF  PZT  FIBERS  AND  RIBBONS 


195 


GEOMETRIC  LIMITATIONS 

In  the  continuous  poiing  technique,  the  conductive  polyurethane  serves  as  surface  elec¬ 
trodes.  The  electric  lines  of  force  originating  and  terminating  on  the  surface  electrodes  are 
the  driving  force  for  aligning  the  domains  in  the  direction  of  the  electric  field.  The 
magnitude  of  the  electric  field  inside  the  ceramic  for  this  electrode  configuration  decreases 
as  a  function  of  distance  from  the  surface  of  the  ceramic.  This  decrease  in  field  limits  the 
size  of  the  rods  and  ribbons  which  can  be  poled  to  saturation  polarization  in  the  interior 
portions.  However,  in  this  method  there  is  no  limitation  on  the  length  of  rods  and  fibers 
that  can  be  poled. 

It  is  possible,  as  shown  in  Figure  21a),  to  calculate  the  electric  field  £'  inside  the 
ceramic  as  a  function  of  the  field  £  at  the  surface  by  treating  the  two  surface  electrodes 
as  an  electric  dipole  with  positive  and  negative  charges  of  equal  magnitude.  Such  an 
analysis  results  in  the  following  expression  for  field  £'  along  the  perpendicular  bisector 
of  the  two  electrodes  as  a  function  of  depth  r. 

r>  =  r_£L_ 

(<r  -h  r)J  ■ 

where  la  is  the  electrode  separation,  r  the  distance  below  the  surface  and  £  is  the  electric 
field  at  the  surface  ( r  =  0).  Figure  2lb)  gives  a  piot  of  £'  for  an  externally  applied  field 
of  20  kV/cm.  Since  PZT-50IA  requires  an  electric  field  of  about  16-18  kV/cm  for 
complete  poling,  a  sample  thickness  of  0.5  to  0.7  mm  can  be  poled.  But  since  the  surface 
electrodes  contact  both  sides  of  the  sample,  it  should  be  possible  to  pole  samples  of 
thickness  I  to  1.4  mm. 
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Distance  (r)  mm 

FIGURE  lb  Inside  field  £'  w  a  function  of  depth  (r)  within  ihe  dielectric 


To  determine  the  thickness  limitation  experimentally,  PZT-501A  nbbons  ranging  from 
0.6  mm  to  2_5  mm  thick,  prepared  by  conventional  tape-casting  technique,  were  poled  by 
the  continuous  poling  technique  with  a  (surface)  field  £  =  20  kV/cm.  The  following  tests 
were  earned  out  to  ascertain  the  extent  of  poling: 

a)  </3:,  measurements  using  Berlincourt  d}i  meter, 

b)  measurement  of  thickness  shear  coupling  coefficient  (kl}), 

c)  microstruciurai  studies  of  the  ferroelectric  domains. 

Piezoelectric  di?  coefficients  measured  with  a  dn  meter  for  samples  of  different  thick¬ 
ness  are  listed  in  Table  1.  Thin  samples  less  than  1.35  mm  thick  are  poled  to  saturation 
but  thicker  samples  are  only  partially  poled.  The  degree  to  which  the  interior  of  the  thick 
samples  are  poled  w-as  determined  by  slicing  the  ribbon  to  0.5  mm  thin  sections  parallel 
to  poling  direction.  Piezoelecmc  results  given  in  Table  11  show  that  the  samples  are  well 
poled  at  the  edges  but  the  interior  portions  are  only  partially  poled,  as  predicted  from  the 
field  calculation. 

By  electroding  the  major  faces  of  a  continuously  poled  PZT  ribbon  and  then  applying 
an  oscillating  electric  field  of  the  proper  frequency,  the  thickness  shear  resonance  can  ae 
excited.  Shear  coupling  coefficients  can  be  determined  by  measuring  the  fundamental  and 
overtone  resonance  frequencies.  Small  shifts  in  the  resonant  frequencies  caused  by  electro¬ 
mechanical  coupling  have  been  related  to  .t,«  by  Onoe  <?:  dii  The  average  shear  coupling 
coefficient  gives  a  measure  of  the  degree  of  poling  m  the  sample. 0 

Typical  sample  dimensions  for  the  measurements  were:  length:  7.5  to  10  mm;  width: 
5  mm;  thickness:  0.5  to  2. 15  mm.  Tne  frequencies  corresponding  to  the  fundamental  \j\  • 
and  overtone  rrcouencies  n\.  A.  etc.)  of  the  thickness  shear  mode  resonance  were  mea- 
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TABLE  I 


J.,  measurements  on  continuously -poled  PZT  nbbon. 


Ribbon  thickness 

Measured  U, , 

0.60  mm 

000-440  pC.'N 

l.Ofl  mm 

370-380  pC.'X 

1.35  mm 

340-380  pC/N 

1.65  mm 

340-380  pC/N 

2. 15  mm 

300-325  pC/N 

TABLE  (I 

J»  measurements  on  0.5  mm  thin  sections  cut  fnini  thick  PZT  nbbons. 

Measured  d>> 


Ribbon  thickness  Edue  section  Center  section 


1.63  mm  -MO  pC/N  355  pC/N 

115  mm  3 10  pC/N  270pC/N 


TA8LE  III 


Ktl  values  obtained  from  fundamental  and  overtone  resonance  frequencies. 


Ribbon 

thickness 

/l 

MHz 

/> 

MHz 

A 

MHz 

/»//» 

K,t 

A' /I 

K„ 

0  nti  mm 

1  56 

5.37 

9  02 

3.44 

0.55 

mam 

Mm 

1.35  mm 

0  75 

:.49 

A. 23 

3.32 

0.49 

1.65  mm 

0  63 

102 

3.42 

3.21 

0.41 

■IK.- 

2. 1 5  mm 

0  51 

1.60 

2.71 

3.14 

0.34 

m 

bi 

f  3  fundamental  resonance  frequency;  /j  3  third  overtone  frequency;  /,  3  fifth  overtone  frequency. 


from  the  table  in  Onoe's  paper.1  The  results  are  presented  in  Table  HI.  These  samples  have 
high  t,s  values,  but  smaller  values  were  obtained  for  thicke.  samples  The  decrease  in  the 
thickness  shear  coupling  coefficient  is  consistent  with  the  partial  poling  ooser-ed  n 
the  (./.•,  experiments. 

An  unpoled  ferroelectric  sample  with  random  orientation  of  domains  has  large  numrer 
of  domain  walls  which  cun  be  observed  bv  preferential  etching  on  a  polished  sample. 
Poling  aligns  the  domain  in  the  direction  of  electric  field  and  reduces  the  number  of 
domain  walls.  A  microstructural  study  was  carried  out  to  estimate  the  extent  of  poling  from 
the  Jensitv  of  domains  across  the  thickness  of  a  continuously-poled  ribbon.  The  samples 
were  polished  and  etched  for  30  s  in  5T  HCI  and  '/:£v  HF  solutions  for  SEM  examination. 
There  was  a  sinking  decrease  :n  the  density  of  domains  in  the  ccntinuuusiv  poled  samples 
as  compared  to  'he  anpoied  'ample,  but  it  was  duficult  to  differentiate  any  ..range  across 
the  thickness  of  tne  poied  samples.  This  is  prubaoiy  because  even  the  interior  portions  of 
tr.e  thick  vimpies  ere  poied  to  about  ~<)rc  of  the  saturation  value.  This  smail  .iiferer.ee  r. 
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APPLICATIONS  TO  NEW  DEVICES 
/.  MVP  PETS 

A  variety  of  new  piezoelectric  devices  can  be  constructed  using  prepoJed  fibers  and 
ribbons  (of  any  length)  and  joined  together  with  polymer  adhesives  to  give  Multiply-Poled 
PiezoEiectric  Transducers  (MUPPETS).  Since  the  pieces  are  prepoled,  they  can  be  assem¬ 
bled  like  tinker  toys  to  give  complex  poling  patterns  which  are  difficult  to  construct  by 
conventional  processing.  Many  of  domain-divided  piezoelectrics  discussed  in  an  earlier 
paper*  can  be  built  up  from  prepoicd  pieces  in  this  way. 

In  lead  zirconate  titanate  iPZT")  ceramics,  the  hydrostatic  piezoelectric  coefficient  dh 
(=  dj3  +  2d3,  is  low  because  dr*  and  dv  are  of  opposite  sign,  even  though  the  magnitudes 
of  3  and  d„  are  large.  The  voltage  coefficients  g33  (=  d3J/ e\)  and  gA  (=  dj  e3  are  also 
small  because  of  its  high  permittivity  g,.  In  a  J-3  composite,  PZT  rods  are  embedded  in 
a  continuous  polymer  matrix.  Under  the  idealized  situation  in  which  the  polymer  phase  is 
more  compliant  than  PZT.  the  stress  on  the  polymer  phase  will  be  transferred  to  the  PZT 
rods.  The  stress  amplification  on  the  PZT  phase  along  with  reduced  transverse  coupling 
and  permittivity  greatly  enhances  the  hydrostatic  voltage  coefficient.''  Tins  concept  of 
stress  amplification  on  the  piezoelectric  phase  can  be  extended  to  three  dimensions  with 
the  availability  of  prepoled  fibers,  using  the  new  poling  technique.  Prepoled  fibers  can  be 
arranged  in  a  triple  pillar  configuration  with  PZT  fibers  oriented  in  three  perpendicular 
directions  and  then  cast  in  a  polymer  matrix  (Figure  3).  The  active  PZT  fibers  in  the 
transverse  direction  perform  two  functions.  First  of  ail,  they  carry  most  of  the  transverse 
stress  under  hydrostatic  loading,  thereby  decreasing  dM  without  appreciable  reduction  in 
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J,,.  Secondly,  since  they  are  poled  PZT  fibers,  they  add  to  the  total  charge  collected.  The 
charge  coefficient  should,  in  fact,  be  tripled.  This  is  a  major  improvement  over  the  method 
of  transverse  reinforcement  of  a  1-3  composite  with  stiff  glass  fibers  and  tubes.  0 

Modified  lead  titanate  ceramics  of  compositions  (Pba:<,Cao.:4)uCoi..jWl(J)Ti)Oj  and 
(Pboa3Smolwj<TiovnMnoui)03  developed  recently  in  Japan"  12  have  extremely  low  planar 
coupling  coefficients.  The  anisotropy  of  the  electromechanical  coupling  factors  ( kjk ,) 

( where. k,  is  the  thickness  coupling  coefficient  and  kP  is  the  planar  coupling  coefficient)  in 
these  compositions  is  as  high  as  15.  As  a  result,  they  will  be  very  sensitive  to  an  acoustic 
beam  with  polarization  in  the  direction  of  poling,  and  quite  insensitive  to  any  perpen¬ 
dicular  vibrations.  Prepoied  fibers  of  these  compositions  arranged  in  a  triple  pillar  con¬ 
figuration  can  be  used  as  a  polarization  analyzer  for  acoustic  waves.  The  signals  from 
three  orthogonal  electrodes  resolve  the  wave  into  its  longitudinal  component  and  two 
shear  components. 

Another  application  is  an  acoustic  phase  plate  made  by  arranging  prepoled  pieces  in  a 
selected  target  array.  A  simple  type  of  annular  phase  plate  was  demonstrated  by  Famow 
and  Auid.13  The  pattern  might  conform,  for  instance,  to  the  Fourier  transform  of  the  shape 
of  the  object,  or  perhaps  the  elements  are  phased  to  detect  a  target  moving  with  a 
preselected  speed  and  direction.  We  refer  to  these  composites  as  MUPPETS,  Multiply- 
Poled  PiezoElectric  Transducers.  They  come  in  as  many  odd  shapes  and  sizes  as  the 
Muppet  characters  seen  on  television. 

:.  DO  FUSS 

The  DOFUSS  1  named  for  a  comic  strip  dinosaur)  is  a  composite  device  from  prepoled  PZT 
ribbon.  By  poling  the  nbbon  parallel  to  its  length,  and  later  electroding  the  major  faces 
of  the  ribbon,  one  obtains  a  shear  sensor  based  on  piezoelectric  coefficient  i/,3.  For  many 
poruvskue  crystals  and  ceramics,  coefficient  d(3  is  very  large.  DOFUSS  is  an  acronym  for 
D-One-Five  i</.3)  Ultrasonic  Shear  Sensor.  These  sensors  are  insensitive  to  all  stress 
compnnents  except  ir3. 

Hennig  et  al.u  recently  developed  a  device  to  measure  the  vertical  contact  stress 
generated  between  the  planar  surface  of  the  foot  jnd  insole  of  a  shoe  Junng  walking  and 
running  The  device  consists  of  a  flexible  array  of  Add  tmy  PZT  transducers  embedded  in 
a  thick  layer  of  highly  resistent  silicone  rubber,  and  positioned  in  the  shoe  insole.  Similar 
instruction  can  be  used  with  shear  sensors  to  get  information  about  the  shear  stress 
distribution  during  walking  and  running. 


J.  PieZueiec’.ruj  Transformer 

Conventional  piezoelectric  transformers  are  composed  of  a  iong  thin  piezoelectric  ce¬ 
ramic.  the  primary  end  of  which  is  thickness  poled,  while  the  seconder,  end  o  Ion  .  - 
tudinullv  poled.  When  operated  at  the  resonance  frequency  of  the  longitudinal  mode,  the 
secondary  generates  a  high  voltage  through  the  piezoelectric  i.3  coefficient.  The  cottage 
step-up  capability  is  determined  by  the  relative  engths  or  the  poled  regions  and  me  dr  ■•rug 
and  loading  condition.  3»»w^n  ai.  5  used  an  nternui  electrode  multilayer  as  trie  primary 
linked  to  a  PZT  secondary  *  un  a  significant , morns  ament  n  tne  voltage  step-up  ,-paofmy 
The  continuous  pulinc  technique  fie i os  to  increase  me  enctn  of  the  sec.  nu-r.  vr  •'  r-;v 


:oo 


T.  R.  GURURAJA  tr  at. 


SUMMARY 

Ferroelectric  ceramic  fibers  and  tapes  can  be  continuously  poled  by  the  method  described 
in  the  paper.  Flexible  electrodes  used  in  the  poling  technique  provide  only  surface  elec¬ 
trode  and  pose  3  limitation  in  poling  very  thick  ribbons,  but  there  is  no  limit  on  the  length 
in  the  poling  direction.  Among  the  new  types  of  composites  which  can  be  assembled  I  rum 
prepoled  ceramics  are  multiply-poled  piezoelectric  transducers  (MUFPETS)  and  J,<  ultra¬ 
sonic  shear  sensor  (DOFUSS)  devices. 
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Abstract :  The  inherent  high  electrical  resistivity  of  donor 
doped  or  ''soft"  PZT's  enables  them  to  be  poled  using  the  field 
cooling  aechod.  The  electric  fields  reauired  for  poling  were 
reduced  by  a  factor  of  five  as  coaoared  to  fields  used  in 
conventional  poling.  Dielectric  and  oiecoeiectric  properties 
are  reported. 


INTRODUCTION 


It  is  veil  known  chat  ferroelectric  ceramic  materials  have  no 
.let  nolarlzation  due  to  the  random  orientacion  of  the  axes  of  their 
constituent  crystals.  Such  ceramics  can  be  made  piezoelectricaliy 
active  by  the  application  of  an  external  dc  electric  field,  this 
orocess  being  referred  to  as  "ooling."  The  effectiveness  of  che 
ooling  process  depends  primarily  on  Che  number  of  possible  axial 
directions  in  which  the  polarization  can  be  oriented.  Other  factors 
which  limit  Che  ooling  efficiency  are  intergranular  stresses  and 
imperfections,  both  of  which  tend  to  increase  and  distribute  the 


field  reauired  for  reorientation  in  a  specific  time  (coercive  field 
E  )  and  may  later  induce  time  dependent  domain  reorientation  which 

c  (1  7-\ 

causes  "ageing"  of  dielectric  and  ntezoeleccric  prooerties. 

Generally,  che  most  affective  ooling  process  is  when  cooling 
Prom  che  paraelectric  to  ferroelectric  ohase  under  an  applied 
field.  This  technique  causes  maximum  alignment,  since  che  dipoles 
are  most  easily  aligned  as  they  aopear  spontaneously  at  T, ,  the 
Curie  temperature.  However,  *or  the  vast  majority  of  ferroelectric 
ceramics  poling  is  achieved  by  che  application  of  a  field,  at  a 
teaoeracure  significantly  less  than  T,,  either  for  a  continuous 

time  and  at  a  teaoeratura  limited 


or  an  intermediate  (nulsa  moling) 

11  Communicated  by  Professor  L.  £.  Cross 
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by  the  conductivity  and  breakdown  characteristics.  Also,  due  to 
the  low  dielectric  breakdown  strength  of  air-ceramic  surfaces  the 
soling  oneration  is  usually ' carried  out  in  some  insulating  medium, 
«. g . ,  silicone  oil. 

'Presently,  the  oost  widely  used  ferroelectric  ceramics  for 
oiszoelaccric  applications  are  based  on  lead  zirconate  cicanace 
t  ^bCZr^^Ti  )0j]  compositions  (designated  ?Z7) .  The  most  useful 
range  of  comnositions  are  ones  with  x  ranging  from  0.46  to  0.50 
which  lie  close  to  the  morphotropic  phase  boundary,  in  which  both 
a  tetragonal  and  rhombohedral  forms  coexist.  Ceramics  of  these 
comnositions  can  be  efficiently  poled  due  to  the  large  number  of 
possible  directions  in  which  the  polar  axes  can  be  reoriented,  l.e. 
6  for  the  tetragonal  and  3  for  rhombohedral,  thus  giving  a  total  of 
14  directions.  Poling  of  such  ceramics  is  usually  carried  out  by 
the  apnlication  of  a  dc  field  of  1C -60  kV/cm  at  temperatures  (100- 
130*0  which  are  well  below  7  ('-350*  0  and  for  various  lengths  of 

C 

time  (microseconds  to  minutes).  The  extremely  strong  piezoelectric 
effects  exhibited  by  poled  PZT  ceramics  can  further  be  modified  by 

4-3  -1  4-2 

small  amounts  of  dopants.  Additives  such  as  "e  ,  X  ,  Mg  are 

"acceptor"  substitutes  causing  oxygen  vacancies.  Changes  in  charac 

teristic  nroperties  include  an  increase  in  the  coercive  field, 

mechanical  and  electrical  quality  factors,  such  modified  ceramics 

-*.5  ^3 

are  referred  to  as  "hard”  ?Z7s.  Additives  such  as  ))b  ,  Ta  ,  la 

are  "donor"  substituents  creating  lead  vacancies.  The  characteris¬ 
tic  prooerty  changes  are  lowered  E  ,  increased  dielectric  constant, 
dielectric  loss  and  electromechanical  coupling  coefficient.  Such 
modified  compositions  are  referred  to  as  "soft”  PZTs. 

The  "soft"  3ZTs  not  only  have  low  Sc’s,  which  allows  more 
thorough  poling,  but  have  electrical  resistivities  several  orders 
of  magnitude  higher  than  that  of  undoped  and  "hard"  PZTs.  This 
3ugj>escs  that  "soft"  ’ZTs  may  be  able  to  support  a  relatively  high 
dc  electric  field  at  high  tamneratures  (>7^)  without  dielectric 
breakdown  and  thus  may  be  ooied  aore  efficiently  by  field  tooling 
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through  T  .  Since  the  required  poling  field  should  be  quire  small 
(E  decreases  as  you  approach  Tfi) ,  the  voltage  necessary  to  pole 
large  samples  would  be  significantly  reduced  and  there  would  no 
longer  be  a  need  to  pole  in  any  dielectrically  insulating  medium 
ocher  than  air. 

The  purpose  of  this  investigation  was  to  see  if  ''soft”  PZTs 
could,  in  fact,  be  poled  more  efficiently  at  reduced  dc  fields  in 
conjunction  with  the  field  cooling  method. 

EXPERIMENTAL  PROCEDURE 

Two  commercially  available  "soft"  PZT3  were  chosen  for  the 
present  study.  Several  sintered  and  electroded  PET  disks  were 
received  from  Don  Bonnema  of  the  Edo-Uestern  Corporation.  Also,  in 
this  3Cudy,sampLes  were  prepared  using  a  commercially  available  PET 
powder.*  Disks  were  prepared  by  firing  at  1290°C  for  a  soak  period 
of  1/2  hour.  The  disks  being  fired  in  closed  alumina  crucibles 
with  PbZrO^  added  as  a  source  of  PbO.  The  fired  disks  were  found 
to  be  ar  least  952  theoretically  dense.  The  disks  were  polished 
parallel  and  electroded  with  a  fired  on  silver  paste  electrode. 

Preliminary  electrical  measurements  included  the  dielectric 
constant  (k)*  at  room  temeprature  (1  kHz)  and  as  a  function  of 
temperature  to  determine  the  Curie  transition.  Electrical  resis¬ 
tivity  was  determined  using  a  HP  model  414QB  pico-ampmecer**  with 
an  approoriate  field  OO.i-Q. 5  kV/ca)  being  applied  across  the 
samples.  The  resistivities  were  determined  over  a  temperature 
range  of  250  J  to  550°C. 

In  order  to  determine  the  feasibility  and/or  effectiveness  of 

the  orooosed  field  cooling  method,  various  dc  electric  field  levels 

were  anolied  at  a  temperature  well  above  T  (in  air)  with  the 

c 


•Hewlett  Packard  (Model  L2THA)  Automated  Capacitance  Bridge, 
Hewlett  Packard  1-59-1  Toyogi,  Tokyo,  Japan  151. 

••Hewlett  Packard  'Model  11-L03)  pico-ampmecer,  Hewlett  Packard 
1-59-1  'foycgi,  Tokyo,  Japan  151. 
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scrlts  then  allowed  to  cool  -ICC. 'min)  to  a  temperature  well  below 

7_  before  rsr.cv in*  the  field,  “or  csmoarison,  samples  were  also 

conventionally  noied  in  a  stirred  silicone  oil  bach  at  140*C  by 

aoolying  a  dc  field  or  23  k7/cm  for  5  ainueas. 

lamed lately  after  poling,  the  piezoelectric  charge  constant 

>'d..}  was  measured  using  a  3erlincourt  4,,  meter.*  The  olanar 
jj  33 

tsuoling  coefficient  (k  )  and  aechanical  0  were  both  determined 
using  an  HP  aodel  3535a  Spectrum  Analyzer**  in  accordance  with  the 
IP£  standards  on  piezoelectric  crystals. The  room  temperature 
value  of  the  dielectric  constant  was  again  determined.  The  above 
measurements  were  then  repeated  after  the  samples  had  been  allowed 
to  age  for  24  hours. 

szsvlts  Aim  discission 

Preliminary  results  clearly  showed  that  the  two  commercial  ?2Ts 
chosen  for  this  investigation  were  indeed  "soft"  PZTs  as  evidenced 
by  their  relatively  high  dielectric  constants  (>1000)  ,  reported  in 
Table  1,  and  electrical  resistivities  (Tig.  1)  similar  in  magnitude 

T A3 'Ll  1.  Dielectric  and  piezoelectric  properties  of  ’’soft”  PZTs 

soled  with  conventional  (A)  and  field  cooling  methods  (3) 
(aged  24  hrs) . 
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constant 


PZT 
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unooled 

A 

3 
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1600 

PZT- SOU 
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Q 
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3 
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A  3 
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69.7  74  .7 

58  54 
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71.4  71.3 

60  54 

*3erlincsurt  (Model  33)  D33  Meter,  Channel  Products,  Inc.  ,  16722 
Park  Circle  Drive,  Chagrin  Palls,  CH  —020. 


**Sewlett  Packard  'Model  2535a)  spectrum  Analyzer ,  Hewlett  Packar 
1-39-1  Toyogi,  Tokyo,  Jar an  151. 
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co  chac  reported  for 
ocher  donor  doped 
PZTs. ^  The  Curie 
transition  of  boeh 
PZTs  was  found  co  be 
v330*C. 

The  dielectric 

conscanc,  piezoelectric 

d^*  planar  coupling 

coefficient  (it  )  and 
P 

mechanical  0  values 
determined  on  samples 
poled  using  the  con¬ 
ventional  mechod  are 
also  presented  in 
Table  1.  Again  these 
values  are  representa¬ 
tive  of  "soft"  PZTs. 

The  results  of 
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FIGURE  1. 


Electrical  resistivity  as  a 
function  of  temoeracure  for 
"soft”  PZTs . 


the  field  cooling  method 

are  presented  in  Figures  2  and  3,  where  it  is  clearly  shown  chac 

efficient  poling  was  possible  using  dc  fields  of  less  than  3  kV/ca 

with  further  enhancement  being  observed  at  higher  fields.  OC  fields 

greacer  than  3  kV/cn  were  found  to  lead  to  dielectric  breakdown. 

It  is  interesting  to  note  chat  for  both  ?ZTs  a  maximum  in  k  and  d,, 

3j 

versus  poling  field  was  observed,  with  the  dielectric  conscanc 
dropping  off  more  rapidly.  The  exact  nature  of  this  maximum  is  not 
understood,  but  may  be  attributed .  to  the  removal  of  130°  domain 
walls  whose  motion  would  contribute  to  the  dielectric  constant  but 
not  co  d^*  Possible  microcracking  due  to  excessively  large  strains 
induced  upon  cooling  through  T,  could  also  lead  to  degradation  in  k 
ind  d^-  maximum  in  the  planar  coupling  'k^ )  was  observed. 

For  a  general  comparison  with  that  of  conventional  poling. 
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The  planar  coupling  coefficient  and  mechanical 
function  of  poling  field. 
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cooling  method  resulted  in  a  substantial  increase  in  the  dielectric 
constant  in  the  case  of  PZT-5Q1A,  while  no  appreciable  change  was 
observed  for  the  Edo-western  samples.  Both  ?Z?s  were  found  to  have 
slighdy  enhanced  d^  coefficients  with  similar  decreases  in 
mechanical  Q. 

In  general,  the  piezoelectric  coupling  coefficient  is  directly 

related  to  the  piezoelectric  coefficient  and  inversely  related  to 

the  square  root  of  the  dielectric  constant,  thus  a  significant 

increase  in  k  was  observed  for  the  Edo-Vestem  samples  while  only 
? 

a  slight  increase  was  observed  for  the  PZT-3Q1  samples.  This  may 

also  explain  why  no  maximum  in  k  (Tig.  3)  was  observed. 

P 

CONCLUSION 

In  this  work,  it  was  shown  that  due  to  their  inherent  high 
electrical  resistivity,  donor  doped  or  "soft"  ?Z7  could  be  more 
efficiently  poled  using  the  field  cooling  method. 

It  was  also  found  that  the  electric  fields  required  for  poling 
were  reduced  by  a  factor  of  five,  as  compared  to  fields  used  in  con¬ 
ventional  poling,  thus  allowing  the  poling  process  to  be  done  in 
air.  The  reduced  fields  should  also  enable  the  poling  of  large 
shapes  with  reasonable  voltages.  Further  investigation  of  the  use 
of  the  field  cooling  method  to  pole  "soft"  ?ZTs  and  their  resulting 
properties  is  still  in  progress. 
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Reaction  Sequence  in  the  Formation  of  Lead  Zirconate-Lead 
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The  reaction  sequence  In  the  formation  of  Pb<Zr«.«TV.jOi 
tPZT  60/40)  was  iavwti fated  a a  a  function  of  PbO  and  ZrOi 
raw  material  variations,  using  powder  X-ray  diffraction.  Par* 
tiotiar  rmpdawi  was  placed  on  the  final  stages  of  reaction  in 
the  formation  of  PZT  solid  solution.  Based  on  the  present 
work,  s  more  detailed  reaction  sequence  is  being  proposed 
for  PhtZrcvTUuiOi  and  similar  compositions.  This  reaction 
sequence  is  believed  to  account  for  many  of  the  apparent  dis¬ 
crepancies  which  have  appeared  in  the  literature. 

I.  Introduction 

HEM  is  i  continuing  interest  m  lead  arconate-lead  annate 
tPZT)  ceramics  prepared  by  the  mixed-oxide  technique,  par¬ 
ticularly  with  regard  to  reducing  the  variability  of  tne  dielectric  and 
electromechanical  properties  due  to  variation  in  processing  and  raw 
materials.  The  work  described  here  is  pair  of  a  larger  program 
addressing  this  problem  by  attempting  to  identify  those  raw  mate- 
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Table  I.  Properties  of  ZrO,  Raw  Materials 
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Table  □.  Properties  of  PbO  Raw  Materials 
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Table  HI.  Raw  Materials  for  PZT  60/ JO  Batches* 
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nai  and  processing  factors  which  affect  final  properties.  U  in¬ 
cludes  a  concerted  effort  to  nee  these  effects  from  raw  mstertats 
through  the  important  processing  steps,  such  as  calcination,  sinter¬ 
ing.  and  the  accompanying  micros tructurai  development,  to  the 
final  properties. 

The  present  work  describes  the  effect  of  vansnoos  in  raw  mate, 
rtais  on  the  reaction  sequence  in  the  forrnanoa  of  PZT  solid  solu¬ 
tion.  A  detailed  analysis  of  the  initial  stages  of  the  reaction  was 
dom  in  the  present  study  by  calcining  at  different  temperatures 
and  durations. 

The  solid  state  reaction  sequence  in  the  system  PbC-Z.'Or-TiO-. 
has  been  investigated  by  a  number  of  workers.  There  is  no 
agreement  among  the  resuits  of  various  workers  regarding  reaction 
sequence  and  the  formation  of  various  intermediate  products. 
There  have  been  some  apparently  contradictory  findings,  particu¬ 
larly  with  respect  to  the  presence  or  absence  of  intermediate  prod¬ 
ucts  like  PbZfOy  (PZ)  and  a  PbO  solid  solution  iPfsr)). 

There  is  general  agreement  that  the  first  step  of  the  mixed-oxide 
reaction  route  tor  compositions  near  die  morpoctroptc  boundary  " 
is  the  reaction  of  PbO  with  TiO-i  to  form  PbTiOi:‘'  (PT3.  However, 
most  of  the  previous  workers''17  did  act  observe  PbZrOi  as  an 
intermediate  product  in  the  reaction.  In  contrast.  Ohno  et  ai.' 
reported  formation  of  both  PbTiOi  and  PbZrOi.  with  subsequent 
reaction  to  form  a  PZT  solid  solution.  Yamaguchi  et  ai.*  reported 
the  formation  of  PbZrOi  only  under  certain  preparation  conditions. 
Veaicataramam  and  3iggers  °  reported  that  use  of  submicro meter¬ 
sized  ZrO,  also  resulted  in  PbZrOi  formation. 

The  reaction  sequence  prooosed  by  Matsuo  and  Sasakr  is: 

Sup  I:  P*T—  PT 

Sup  2:  PT-P-Z—  PT-1PZ.T,-,) 

Sup  3:  PT-*-(PZ.T,-,>-»PZT 

where  P  refers  to  PbO.  T  to  TiOt,  Z  to  ZrO-,  PT  to  PbTiOi.  and 
(PZ,Ti-,)  to  ZrOr-ncti  PZT.  According  to  these  workers,  die  first 
reacaoa  product  to  form  is  PbTiOi.  A  portion  of  PbTiOi  reacts 
with  the  remaining  PbO  and  ZrOi  to  form  PZT  solid  solution  as  an 
intermediate  reaction  product.  In  die  final  step,  die  intermediate 
PZT  solid  solution  reacts  wuh  die  remaining  PbTiOi  to  form  a 
single-phase  PZT  solid  solution  of  desired  composition. 

Spen*  reported  the  presence  of  an  intermediate  PbO  i  solid  solu¬ 
tion).  which  was  a  tetragonal  solid  solution  of  PbO  witn  a  small 
amount  of  TiOt,  and  a  trace  of  ZrO-.  The  presence  of  PbO  soua 
solution  was  confirmed  by  Hanxey.*  wno  obtained  more  quan¬ 
titative  data  for  the  composition  of  die  solid  solution. 

The  reaction  sequence  given  by  Spen  anq  Hanxey  me 
Bigger^  is: 

Sup  /.  ?*T— PT 
Suo  2:  ?— PT-Z— •  PtMi 
Sieo  2:  PT-P'rdA—PZT 

The  final  stages  of  die  reaction,  particularly  me  composition  of 
PZT  solid  solution,  was  not  discussed  by  these  workers.  However, 
it  is  not  clear  how  PbO  solid  solution  as  an  intermediate  product 
influences  die  final  properties  of  PZT  ceramic. 

Chandratreya  a  at."  recentlv  reported  ntertsung  work  on  the 
reaction  mecnamsm  in  die  formation  of  PZT  >oiid  solution.  They 
discussed  die  diffusion  of  various  omc  species  to  form  tne  souc 
solutions,  but  did  not  report  me  powqer  X-ray  diffraction  XRD> 
panems  for  tne  final  stages  of  reaction  ,n  order  to  ootun  xuan- 
titanve  data. 

Kingon'1  confirmed  die  formation  ot  PbO  soud  -oiution  i  jnaer 
special  experimental  conditions,  end  aiso  ooservea  tne  'ormatton 
of  both  PbZrOt-nca  and  PbT'.0--ncn  PZT  >oua  -oiutions  as  nter- 
mediates,  wmen  Homogenized  'o  torm  PZT  ,oua  >oiut:ons  :t  tne 


dejured  composition.  This  ooservauon  is  useful  in  explaining 
differing  views  regarding  the  coexistence  of  tetragonal  and  rhom- 
bohedral  phases  at  and  near  the  morphotropic  boundary.  i5'15 

In  the  present  work.  XRD  patterns  of  calcined  samples  were 
more  carefully  analyzed  in  order  to  identify  intermediate  reaction 
products,  particularly  intermediate  PZT  solid  solutions.  The  work 
was  repeated  using  raw  materials  from  different  sources  in  order  to 
understand  their  importance  in  the  reaction  sequence  in  the  for¬ 
mation  of  PZT  solid  solutions. 

Q.  Experimental  Procedure 

In  the  present  study,  TiOj  from  a  single  source’  was  used.  The 
earlier  worir  had  indicated  that,  since  TiO?  reacts  at  relatively  low 
temperatures  to  form  PbTiOi.  it  is  unlikely  that  it  would  affect  later 
stages  of  reaction.  To  determine  if  the  other  two  oxides,  namely 
PbO  and  ZiOj,  would  influence  the  reaction  sequence,  various 
batch  compositions  were  prepared  using  PbO  and  ZtO?  powders 
from  several  sources. 

The  properties  of  ZrOj  powders  from  different  sources  used  in 
this  study  are  listed  in  Table  1.  The  panicle  sizes  and  size  distribu¬ 
tions  were  obtained  by  an  automated  SEM  technique;  only  mean 
panicle  sizes  are  quoted.  The  extent  of  agglomeration  was  esti¬ 
mated  by  observing  SEM*  images  of  the  powders.  Table  I  shows 
that,  in  the  case  of  powder  B.  the  jet-milling'  procedure  reduced 
the  extent  of  agglomeration,  but  did  not  affect  the  mean  panicle 
size.  The  Z1O1  C  is  a  plasma-produced  powder,  highly  agglomer¬ 
ated.  with  a  relatively  large  panicle  si2e  and  a  high  hafma  content. 

The  mean  panicle  sizes  of  PbO  raw  materials  are  listed  in 
Table  0.  The  manufacturer  quotes  a  purity  of  at  least  99.9%  for 
these  products. 

A  POT  composition  with  Zr/Ti  60/40,  which  is  just  away  from 
the  morpboaopic  boundary,  was  chosen  for  the  present  study  The 
batched  compositions  were  corrected  for  impurities,  loss  on  igni¬ 
tion.  and  HfO;  content.  The  PbO  powder  O  and  ZiO-  powder  A 
were  chosen  as  the  'standard  reactants”  along  with  the  TiOi.  Five 
ocher  sets  of  raw  materials  were  batched,  varying  ZrO-  and  PbO 
sources  as  shown  in  Table  HI.  Four  hundred  grains  of  each  compo¬ 
sition  were  weighed  and  mixed  for  8  h  in  polyethylene  containers 
using  ZiO-  grinding  media.  Each  batch  was  dried  at  120*C  for 
24  b.  remixed,  and  divided  into  20  pans.  The  samples  were  reacted 
at  different  temperatures  and  durations  by  heating  the  samples  to 
the  desired  temperature  at  ~400*C/ min  and  air-quenching  after  the 
required  duration.  The  chosen  conditions  of  temperature  and  du¬ 
ration  were  600*.  700°.  750".  800°.  and  900°C  and  20.  40.  100,  and 
180  min  at  each  temperature. 

After  calcination,  ail  120  samples  were  analyzed  qualitatively  by 
powder  X-ray  diffraction  using  an  X-ray  diffractometer."  Various 
crystalline  phases  were  identified  by  comparing  the  XRD  patterns 
with  standard  powder  diffraction  patterns.  The  composition  of  the 
PZT  solid  solutions  was  determined  by  the  following  method. 
From  the  reported  unit  cell  dimensions.16  d*u  values  were  calcu¬ 
lated  for  all  PZT  solid  solutions.  The  composition  of  different  solid 
solutions  was  determined  by  comparing  the  observed  dhu  values 
with  the  calculated  values. 

m.  Results  and  Discussion 

The  X-ray  powder  diffraction  analyses  showed  that  PbTiOi  was 
the  only  reaction  product  formed  for  all  samples  calcined  at  600°C. 
This  is  in  agreement  wuh  the  observation  of  earlier  workers.  ■I5  ‘7 

The  results  of  XRD  analyses  for  the  standard  reactants  calcined 
at  different  temperatures  and  durations  are  shown  in  Table  IV 
Typical  XRD  patterns  are  shown  in  Fig.  I .  It  is  important  to  note 
the  reaction  intermediates  PZT(Z)  and  PZIfT).  which  are  PZT 
solid  solutions  with  a  high  and  a  low  Zr/Ti  ratio,  respectively. 

’Grade  1328-7 T  120-t.  Wlmaktr.  Cart  £  Daniels.  toe..  South  Plainfield.  NJ 

’Model  JSM-50A  scanning  electron  microscope.  Japan  Electron  Optic  Co.. 
Toe vo.  Jcpen. 

'Model  a-Ml.  Serial  X9223.  Microiet.  Fluid  Energy  Processing  and  Epuiomem 
Co  .  Hatfield.  FA. 

‘'Type  F  Cu JCa  ndiaoon.  *«0  154188  om.  Picker  International.  Karlsruhe. 

Fedani  AepoMic  of  Germany 


Fig.  1.  X-rav  diffraction  patterns  of  standard  reactants  calcined  at 
iHl  'J0*C  for'  180  min.  fli  *50*  for  100  min.  O  '50*  tot  d0  min. 
i Di  750*  for  20  nun.  \E' I  '00*  tor  ISO  min.  and  F  '00*  tor  20  mm. 
Ratios  tndicate  PZT  with  given  Zr/Ti  rauo.  t.i.  90/d0:  P«PbO.  T»TiO;, 
Z-ZiO,,  PT”  PbTiOi. 
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Table  rv.  Products  of  Isothermal 
Caddaadoa  of  Standard  Reactants 
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NOTK  pmftO.  Z-ZiO,.  T-TSO..  PT-PHTO,.  PZ-PMjO,.  pctizi-pct  neft  in 
PZ.  PTrm-PZT  ndi  ia  PT.  p£T  ‘-<SO/uO)“PZT  «1IS  Zr/Ti  rmo  o <  “«0/40: 
or^nen.  Products  n  load  in  aider  of  decrosuif  intensity  of  Uifftncuoo  peaks. 


Table  V.  Effects  of  PbO  Raw  Materiai 
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Sort  Products  tn  listed  m  on*r  at  necrosing  intensity  at  dif&actiou  pews. 

TaMe  VI.  Effects  of  ZrOi  Raw  Material* 
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Sort  Produce!  ire  listed  a  older  of  deemsing  metmty  of'  dif friction  peaks: 
Ptul-PSO  (solid  wtuooei  for  products  calcined  a  '00*C  for  ISO  mu. 


PZT®  indicates  a  composition  near  that  of  PbZtO:<PZ)  and 
PZTfT)  indicates  a  composition  near  that  of  PbTiOj(PT). 

In  samples  calcined  at  700"C.  the  XRD  analyses  indicated  an  in¬ 
termediate  PZT®  solid  solution  of  composition  PbfTio  a>Zro  «o)Oi. 
Here  formation  of  PZ  was  not  observed  ( Ftg.  I ).  After  180  min  of 
calcination  at  700*C.  this  reaction  had  consumed  a  substantial 
amount  of  ZrOj  However,  a  small  amount  of  unreacted  PbO  and 
ZtOj  could  still  be  observed  even  after  calcination  for  180  min. 

The  intermediate  products  identified  in  the  7}0°C  isothermal 
reaction  are  also  shown  m  Table  IV  a  PZT®  intermediate  phase 
is  once  again  observed  (20  and  JO  min),  with  the  XRD  peaks 
somewhat  broader  than  in  previous  cases,  indicating  a  wider  range 
of  Zr/Ti  ratios.  Also  observed  is  a  PZT(T)  intermediate  phase  with 
a  mean  Zr/Ti  ratio  of  approximately  J0/60.  .After  JO  min  of  calci¬ 
nation  at  7J0*C.  most  of  the  original  reactants  were  consumed.  The 
XRD  patterns  "orresponding  to  ICO  and  130  min  of  calcination 
i  Fig.  1)  indicate  homogenization  of  PZT  intermediates.  After 
180  min  at  750*C.  the  desired  60/ JO  irtiombonedral)  compociuon 
is  predominant.  However,  some  peaks  corresponding  to  a  tetrag¬ 
onal  phase  are  also  observed.  These  can  be  assigned  to  a  PZT 
composition  wuh  a  Zf'Ti  ratio  of  50/30. 


At  higher  calcination  temperatures,  the  main  rhombohedral 
peaks  corresponding  to  PZT  60/40  sharpen  with  calcination  time 
and  the  tetragonal  peaks  become  less  intense  after  longer  calci¬ 
nation.  However,  the  peaks  corresponding  to  the  tetragonal  phase 
could  still  be  observed  after  180  min  of  calcination  at  900°C. 

it  is  clear  that,  for  the  system  described  above,  the  reaction 
sequence  to  form  the  final  PZT  60/40  solid  solution  is  m  PZT 
intermediates  of  different  compositions,  near  PZ  and  PT  in  com¬ 
position,  namely  PZT®  and  PZTCT),  respectively.  Thus,  alter  the 
calcination  step  the  final  PZT  solid  solution  does  not  have  a  com¬ 
position  which  can  be  described  by  a  Gaussian  distribution  of 
Zr/Ti  ratios. 

The  following  reaction  sequence  accounts  for  the  species  identi¬ 
fied  by  XRD: 

Step  1:  PJ-T—PT 

Step  2:  P+Z+oace  PT—PZT®  (85/ 15) 
or  P(«)tZ— PZT®  (85/15) 

Step  3:  PT-JP*Z— PZTm  (40/60) 

Step  4:  PZTm  (40/60)-rPZT®  (83/  15V- » 

PZT  (60/40)J-crace  PZT  (50/50) 

Step  5:  Homogenization 

Note  that  steps  2  and  3  are  competitive  with  normal  calcina¬ 
tion  conditions,  ensuring  that  step  2  does  not  go  to  completion. 
The  competition  between  these  reactions  should  clearly  have  a 
major  influence  in  determining  the  compositional  distribution 
(i.e.  the  range  of  Zr/Ti  ratios)  to  be  found  in  the  PZT  solid  solu¬ 
tion  after  calcination. 

The  reaction  sequence  presented  here  recognizes  binodal  distri¬ 
bution  of  PZT  solid  solutions  and  agrees  with  repotted  work  by 
Kin  goo. 12  but  differs  from  other  earlier  studies.  It  appears  that  two 
types  of  PZT  solid  solutions  form  as  intermediate  products,  one 
rich  in  PZ  and  the  ocher  rich  in  PT.  As  the  reaction  progresses  wuh 
calcination  temperature  and  time,  the  two  solid  solutions  approach 
each  ocher  in  composition,  giving  a  PZT  solid  solution 
of  the  desired  composition  after  complete  homogenization  as  de¬ 
scribed  earlier. 

How  generally  applicable  is  the  reaction  sequence  proposed 
above?  As  described  earlier.  PZT  (60/40)  compositions  were  pre¬ 
pared  using  PbO  and  ZrOz  from  several  sources  i  Table  HD  in  order 
to  study  the  effect  of  variations  in  raw  materials  on  the  reaction 
sequence.  The  XRD  analyses  of  the  remaining  sets  of  reactants 
show  that  the  above  scheme  is  followed  tor  all  sets,  except  for  that 
containing  ZtO?  powder  C.  However,  small  differences  are  appar¬ 
ent  in  the  reaction  rates,  some  specific  examples  being  shown  in 
Tables  V  and  VI. 

Table  V  shows  the  effect  of  PbO  from  different  sources  on  the 
formation  of  PZ-ncii  intermediate  PZT(Z).  for  the  reaction  carried 
out  at  700°C  for  180  min  and  750°C  for  JO  mm.  The  mean  com¬ 
position  (i.e.  Zr/Ti  ratio)  of  this  intermediate  vanes  sligmiy.  de¬ 
pending  on  the  PbO  source.  In  general,  the  reactions  conform  to 
steps  2  and  3  above,  although  reaction  rates  differ. 

The  effect  of  vanaoons  in  the  ZrO:  powder  source  on  the  reac¬ 
tion  sequence  is  shown  tn  Table  VI.  The  rates  of  reaction  in  the 
formation  of  a  PZT ®  intermediate  are  again  seen  to  depend  on  the 
powder  characteristics  of  ZrO-.  More  importantly,  only  the  use  of 
ZrO:  powder  C  does  not  result  in  formation  of  a  PZT®  inter¬ 
mediate  at  "00°C.  The  other  three  ZrO:  powders  gave  a  PZTi® 
phase,  according  to  step  2.  At  7J0*C.  PbTiO,  reacts  directly  with 
PbO  and  Z.O:  to  form  a  PZT  solid  solution  wuh  a  very  broad  range 
of  Zr/Ti  ratios. 

It  is  surprising  that  die  raw  material  variations  'for  the  first 
five  sets)  resulted  only  in  differences  in  reaction  rate:  mere  were  no 
significant  differences  in  the  composition  i  i.e.  Zr  Turatios  >  of  PZT 
intermediates.  For  example,  one  would  expect  that  if  step  2  goes 
to  completion,  step  3  would  not  occur,  and  one  would  need  to  acd 
die  following  steo  to  the  seauence: 

Step  M.  PT-PZTfZV- PZT 

The  more  general  form  of  step  J  is  therefore  :he  reaction  at 
PbTtOi-nch  PZT  'or  PbTiO.)  wuh  PbZrO.-ncn  PZT  or  PbZrO.' 
:o  form  PZT.  This  .s  believed  to  be  the  situation  wnen  >uo- 
micrometer-sized  ZrO:  ;s  used  as  a  precursor,  as  described  3v 
Venkataramani  and  Biggers.  0  In  dus  case,  utep  1  occurs  at  an 


ixnymeiy  low  temperature  to  form  PbZrQi  -500*0.  jnd  me 
reaction  goes  to  completion.  The  complete  reaction  is  therefore  via 
steps  1 .  2.  *A.  and  5  only,  and  step  3  is  not  competitive. 

It  is  clear  from  the  present  results,  and  from  earlier  experience, 
mat  me  temperature  at  which  step  2  occurs  depends  on  experi¬ 
mental  coodiooas.  particularly  the  physical  properties  of  ZrO, 
powder,  including  particle  size,  agglomeration,  morphology ,  and 
powder  pecking.  The  results  for  the  case  of  ZrOi  powder  C  can. 
mcieforc.  also  be  geared  aa  a  special  case  of  the  above  reaction 
sequence.  In  this  case  me  properties  of  ZrOi  powder,  probably  its 
larger  parade  size  and  agglomeration,  make  step  2  uncompetitive, 
and  the  rcacoon  occurs  by  steps  1 .  3.  and  5  only.  Consequently,  the 
?ZT  intermediate  produced  us  step  3  is  not  PZ -deficient.  but  has  a 
wide  range  of  Zr/Ti  ratios  varying  ffotn  PT  to  PZT  50/40  as  the 
diffusion  reaction  proceeds.  This  is  exactly  me  sequence  postulated 
by  Matsuo  and  Sasaia.: 

These  was  some  coocetn  as  very  little  PbO  (solid  solution)  phase 
was  observed  by  XRD  for  die  materials  and  conditions  used  in  die 
present  study.  A  further  experiment  was  therefore  undertaken. 
\  similar  XRD  analysis  was  earned  out  using  two  sets  of  raw 
materials.  These  were  the  standard  reactants  described  aoove 
2cOi  powder  A  and  PbO  powder  D).  and  me  aw  materials  re¬ 
cently  used  by  Hankey.*”  The  preparation  conditions  were  also 
altered  to  correspond  exactly  to  those  of  Hankey.  most  notable 
oerng  the  lengthening  of  the  reacuon  tune  to  24  h.  The  results  of 
mis  study  can  be  summarized  as  follows; 

i  i)  PbO  ( solid  solution)  formed  in  both  cases,  a  greater  amount 
dang  observed  in  the  case  of  aw  materials  used  by  Hankey.'  This 
indicates  that  the  formation  of  WsO  f  solid  solution)  is  sensitive  to 
me  starting  raw  materials  and  mixing  procedure.  This  is  consistent 
with  me  results  of  Venkataramani. 17  who  showed  that  formation  of 
me  PbO  solid  solution  is  also  dependent  on  die  packing  density  of 
me  powders  during  calculation. 

lii)  The  presence  of  me  PbO  (solid  solution)  phase  does 
oot  appear  to  affect  die  reacnon  sequence  given  above.  The  tem¬ 
peratures  at  which  steps  2.  3.  and  4  occur  ate  decreased  by 
-50*C  complied  to  mat  of  standard  reactants.  The  same  steps 
also  occur  over  a  narrower  temperature  range,  making  the  analysis 
mote  difficult. 

From  the  preceding  discussion,  it  is  clear  that  me  reacnon  se¬ 
quence  in  the  formation  of  PZT  solid  solutions  depends  strongly  on 
me  aw  materials  used,  powder  characteristics,  mixing  method, 
ind  other  experimental  conditions.  Discrepancies  in  the  reacnon 
sequence  observed  by  several  authors  can  be  attributed  to  van- 
aooos  in  experimental  conditions.  However,  there  is  no  doubt 
aoout  die  formation  of  a  PbTiOi  poise  at  the  beginning  -nd  inter¬ 
mediate  PZT  solid  solutions  of  varying  (Zr/Ti)  oeo.  The  present 
study  clearly  shows  mat  die  reaction  sequence  can  differ  slightly, 
depending  on  the  starting  raw  materials. 

TV.  Summary  and  Coodnsions 

The  reacnon  sequence  in  die  formation  of  PZT  (60/40)  com¬ 
position  was  studied  in  detail  by  taking  XRD  patterns  of  powders 
calcined  at  different  temperatures  and  times.  The  following  reac¬ 
uon  sequence  is  proposed. 

'  1 )  PbO  and  fiOi  react  to  form  PbTiOi . 

2)  PbO  or  PbO  i  solid  solution)  reacts  with  ZrO-  to  form 
PbZrOi  or  a  PbZrOi-nch  intermediate  product. 

3)  The  PbTiOi  reacts  with  me  remaining  ZrOi  and  with 
some  PbO)  to  form  a  PZT-soiid  solution  intermediate  nch  m  PT. 
This  reacnon  competes  witn  step  (2)  aoove  for  me  source  of 
Z.-0i  This  PZT  intermediate  is  usually  PbTiOi-nch  and  has  fre¬ 
quently  been  found  to  have  a  oroad  range  of  Zr/Ti  ratios,  centered 
around  -(0/60. 

4i  The  intermediate  products  from  either  step  1 1)  or  step  i 31 
aoove  react  with  me  procuct  of  step  2).  if  Jus  reacnon  nas  oc- 


*3  ZrO-..  Hannaw  Chemical  Zo  C'.evetsnd.  OH:  ot  .*634?  *50. 
.  *  Saeer  Cbtmi«j  Co, .  Phuitosourg.  NJ:  jraa#  3313— 2CW  T.Q..  Whittaxer. 
Tan  it  Omtms.  -oc. 


curreb.  The  resulting  PZT  solid  soiuuon  has  a  distribution  of  Zr/Ti 
ratios  determined  by  the  previous  steps. 

(5)  The  soiid  soiuuon  homogenizes,  resulting  in  a  narrower 
compositional  distribution. 

Normally,  all  five  of  the  above  steps  are  observed,  as  shown  for 
five  comousanoos  of  raw  materials  from  different  sources.  Step  (2) 
is  found  to  be  particularly  sensitive  to  the  powder  properties,  and 
can  vvy  in  temperature.  If  it  occurs  at  a  low  temperature,  die 
reacnon  can  consume  ail  available  ZrOi.  resulting  .a  use  elimi¬ 
nation  of  step  (3).  Conversely,  in  the  case  of  certain  ZrO*  raw 
materials,  step  (2)  is  oot  observed,  indicating  that  it  may  be  shifted 
:o  such  high  temperatures  as  to  make  it  noncompeaove.  Reacnon 
then  occurs  via  steps  (1).  (3),  (4).  and  (3).  which  corresponds  to 
the  reamoa  sequence  of  Matsuo  and  Sasaki. : 

The  PbO  » soiid  solution)  reported  by  other  workers4-3  was 
observed,  but  does  oot  appear  to  significantly  affect  che  reaction 
sequence  in  die  formation  of  a  final  PZT  soiid  solution  of  me 
desired  composition. 

The  scheme  presented  above  is  believed  to  account  tor  many  of 
me  discrepancies  which  have  appeared  in  the  literature  in  ex¬ 
plaining  me  reacnon  sequence  in  the  formation  of  a  PZT  solid  solu¬ 
tion.  particularly  with  regard  to  the  formation  of  the  intermediate 
product.  PbZrOv  A  dear  understanding  of  me  reacnon  sequence 
■will  help  us  explain  the  effects  of  variations  of  raw  materials  and 
calcination  conditions  on  che  ferroelectric  properties  of  me  PZT 
ceramics.  This  is,  as  one  would  expect,  the  compositional  homoge¬ 
neity  and  pameuiarty  the  grain-boundary  structure  to  be  affected 
by  the  exact  reactions  which  occur  m  the  context  of  me  scheme 
discussed  in  this  paper. 
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Products  of  Reaction  Between  PbO  and  Nb2Os 
in  Molten  KC1  or  NaCl 
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Lead  oxide  and  niobium  oxide  were  heated  in  molten  KCl  or  SaCl  to  examine  the 
participation  of  chlorides  in  the  reaction  between  the  oxides.  Alkali  ions  partially 
replace  Pb  ions  in  PbNbjOi,  and  Cl  ions  form  PbCL.  The  substitution  of  alkali  ions 
for  Pb  stabilizes  the  tetragonal  form  ofPbNbiO The  reactivity  of  SaCl  with  NbiO j 
was  much  greater  than  that  of  KCL  the  extended  substitution  resulted  in  the 
formation  of  an  NaNbO,  phase  with  incorporated  Pb. 


■J^fOLTEN  salt  synthesis  is  an  important 
“■'‘preparation  method  ot'  ceramic  pow¬ 
ders  and  has  been  used  io  prepare  femtes 
and  ferroelectncs.'  This  method  yields 
oxides  by  the  reaction  between  consutu- 
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ent  oxides  in  the  presence  of  molten  salt. 
The  molten  salt  has  been  considered  to  act 
as  a  pure  solvent,  and  the  salt  content  in 
the  thoroughly  washed  products  is  quite 
small  in  some  cases.  *’  Recently.  Arendt 
and  Rosolowski*  demonstrated  that  die  or¬ 
thorhombic  form  of  PbNb-0»  is  obtained  in 
molten  NaG-KC  mixtures  at  temperatures 
far  below  its  transition  temperature.  Lead 
metamobate  has  three  modifications,  rhom- 
bohedral.  tetragonal,  and  orthorhombic.’ 


The  former  two  are  stable  and  the  transition 
temperature  between  them  is  —  1 150°C.  the 
orthorhombic  form  is  metastable.  When  the 
high-temperature  stable  phase  (tetragonal  1 
is  cooled,  it  does  not  change  to  the  low 
temperature  stable  phase  irhombohedrall 
because  of  the  sluggish  transition,  but 
rather  changes  to  the  orthorhombic  phase 
at  570*C.  The  results  of  Arendt  and 
Rosoiowslci  can  be  understood  by  as¬ 
suming  that  the  molten  salt  stabilizes  the 
high-temperature  or  metastable  phase. 

This  communication  demonstrates  the 
participation  of  the  chlorides  in  the  reac¬ 
tion  between  PbO  and  Nb20,  and  proposes 
possible  mechanisms  of  the  phase  stabili¬ 
zation.  Although  Arendt  and  Rosoiowski' 
used  NaG-KC  mixed  salts,  a  single  salt 
was  used  in  this  experiment.  Equimolar 
mixtures  of  PbO  and  Nb-.Oi  were  mixed 
wtth  an  equal  weight  of  N'aC  or  KG  in  an 
agate  mortar  and  pestle  for  I  h.  The  mix¬ 
tures  were  heated  in  a  furnace  kept  at  a 
constant  temperature  between  "50°  and 
1050°C.  The  salt  was  removed  from  the 
oxides  by  washing  with  hot  deionized  water 
several  times:  specimens  were  wasned 
more  than  20  times  for  chemical  X-ray 
fluorescence  analysts  (XFAi  Because  the 
sodium  content  could  not  be  measured  ;y 
XFA.  atomic  absorption  analysis  was 
used.  The  pnases  were  identified  by  X-ray 
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diffracooa  XRD)  asing  CoKa  radiation. 
Figure  t  saows  typical  XRD  pro  tiles  of  the 
products.  and  Table  I  summarizes  the  ex- 
penmentai  condanoos  and  product  pnases. 

The  product  3 ease  ootamed  Detween 
’50*  and  l050*C  in  <C.  *a s  ortfiomomoic 


l41l_ 


_U 


lJ. 


PbNb,04.  Sven  ai  "50 *C.  veil  below  ibe 
meinng  point  of  KC.  mere  was  complete 
reaction  :o  form  PbNb,0«.  In  a  sample 
fired  under  me  same  conditions  but  m  me 
absence  of  KG,  however,  me  reaction  was 
incomplete,  and  me  resulting  PbNb-,0, 
pnase  was  momoonedrai  Table  3  snows 
XFA  results.  In  ail  cases  me  C.  content  was 
less  than  me  analytical  limit  <0.1  wt^ol. 
and  the  difference  between  .00%  and  me 
sum  of  me  weight  percent  of  eacn  ion  was 
assigned  to  oxygen.  A  potassium  on  can 
substitute  for  else  Pb  ion  tn  the  form 
(Pbi-,Ki,)NbjO«.‘  and  calculated  ,t  values 
are  shown  in  Table  Q.  These  results  indi¬ 
cate  mar  KG  participates  in  me  .traction 
between  PbO  and  Nb-O.  and  mat  X  ions 
substitute  for  Pb  n  PbNb-0«  lattice.  The 
fan  mat  ?b  ions  were  detected  by  adding 
K,CrO«  aqueous  soiuuon  :o  me  fust  super¬ 
natant  wasning  water  supports  me  proposed 
substitution  of  K  for  Pb.  the  suosumuon  is 
accompanied  by  me  formation  of  PbC.j. 
The  reaction  can  be  summarized  as  follows: 


:o  id  -0  50  50 

2  a  d*qr»*l 

rig.  1  X-ray  diffraction  oanems  of  products 
of  samoies  nested  for  I  P  in  ;AI  K C  u  9J0*C. 
SI  NaC  at  950*C.  and  <C,  NaG  at  05O"C 


PbO  -  NbnOi  -  ZxKC 

Pb,  -  .KulNlhO.  *  rPbC.j  ■  1 1 

Incorporation  of  potassium  ions  in  me 
lead  metamooate  structure  stabilizes  me  te¬ 
tragonal  form.  The  transition  temperature 
from  me  momooneartu  to  me  tetragonal 
form  is  "  l  150”C.  and  the  piezoelectric  or¬ 
thorhombic  form  can  oe  obtained  only 
wnen  me  tetragonal  form  cools  to  the 


Table  I-  Preparation  Conditions  and  Product  Phases 


r«n».  m 

71  tm  tfl) 

Sail 

Product  Dfujcs* 

"50 

1 

KG 

Ortho 

350 

I 

KG 

Ortho 

950 

1 

KG 

Ortho 

1050 

I 

KC 

Ortho 

1050 

5 

KG 

Ortho 

'50 

t 

NaC 

Rhombo 

350 

1 

NaC 

Cjoic -ortho 

950 

1 

NaG 

Cubic -ortho 

1050 

l 

NaG 

Cubic 

1050 

5 

NaC -KG 

Ortho 

PbNb-O,.  .-noraoo«momoon«lrei  PPNb.G,.  cubic* 


Table  II.  Results  of  X-Ray  Fluorescence  Analysis  for 
Samples  Heated  for  1  Hour  tn  KG 


Ton*  *0 

< 

Comcm  ( 

*5 

N* 

r  n  1  P%.  ,  ..C^Nb-Q, 

*50 

2.1 

54  2 

38.6 

a;: 

350 

3. A 

35. * 

A0.  1 

0.20 

950 

3  ' 

35  I 

AO. 3 

0.22 

!  030 

3  3 

34  3 

AO- 5 

3.23 

Table  III.  Results  of  X-Ray  Fluorescence  ind  Atomic 
Absorption  Analyses  for  Samoies  Heated  tor  Hour  n  NaC. 

2umem  1 


Tttrre.  ’Ci 

''b 

*50 

A0J 

38.2 

•  3.94 

350 

i  - 

30  2 

A3. A 

3  63 

950 

n  ’ 

25.2 

A5  3 

3  52 

tetragonai-ortnomomPtc  transition  -era- 
perarure  1  ferroelectric  Cune  temperature  >  1 
The  fact  that  me  ormomombic  form  at 
•00m  temperaiure  was  potained  by  tiring 
even  at  *50®C  indicates  that  me  tetragonal 
form  is  stamlized  by  me  mcorporanon  of  K 
.nto  tne  PbNbiO*  lamce.  The  reported  evi¬ 
dence  mat  me  Cune  temperature  decreases 
with  ncreasing  K-ion  content  eliminates 
the  possibility  of  me  stabilization  of  me 
onhomomoic  form  sy  K  ion.’  The  tetrag¬ 
onal  form  nas  A  empty  sites  m  me  Pb 
position,  but  me  mombohedral  form  nas 
no  suen  vacant  sues.'  The  x  value  near  0.3 
Detained  for  samples  tired  between  350® 
and  :050*C  corresponds  witn  ail  vacant 
sues  oemg  occupied  by  X  ons.  3v  re¬ 
placing  one  Pb  on  witn  two  .<  ons.  me 
predicted  value  agrees  witn  me  -eporteo 
solubility  imu  ,r*0  25V’  The  staomza- 
non  of  me  tetragonal  form  by  tne  ncoroo- 
ration  of  a  K  ion  is  prooaolv  explained  m 
terms  of  its  open  structure 

The  reaction  products  obtained  n 
NaG  were  different  from  tnose  in  KC.  The 
typical  XRD  profiles  of  me  orooucts  are 
snown  in  Fig.  1(8 )  and  iC.  and  the  product 
pnases  are  summarized  n  Taoie  I  At 
*50‘C  tne  product  was  rnomoohedrai 
PbNhjO,.  At  350°  and  950“C.  mixtures  of 
ortnorhomoic  PbNb-.O,  and  a  pnase  witn 
cubic  structure  were  ootained  The  nten- 
sirv  01  me  Diffraction  ones  of  me  cubic 
form  increased  wun  increasing  temoeraiure 
up  to  ;050“C  at  wnic.n  a  smgie-onase  cubic 
form  was  ootained.  The  diffraction  pattern 
of  me  cubic  form  coincided  wun  pseudo- 
cubic  NaNbOi. 1  Diffraction  mes  200). 
2!0).  and  ,220)  20-46.0®.  51  9®  ind 
JT  3®.  respectively)  split  sugMlv.  ndi- 
taang  tnai  this  pnase  was  silently  distorted. 
Again  Pb  ons  were  oetecteo  n  me  tint 
supernatant  wasrnng  water.  Table  m  snows 
me  Na.  Pb.  and  Nb  contents  and  compo¬ 
sition.  The  formula  !  -  v  GNaNbOi  - 
iPbNbeO.,  was  adopted  ;o  compare  with 
me  data  of  Francomoe  and  Lewis. 1  Because 
me  accuracv  ;n  determining  tne  '-a  con¬ 
tent  was  ess  man  mat  in  determining  me 
Pb  content,  me  y  value  was  calculated 
based  on  me  molar  -auo  of  Pb/Nb.  The 
•  values  :n  me  samoies  ootained  between 
350®  and  i050“C  indicate  mat  the  samples 
are  ;n  me  rwo-onase  region  NaNbO-  ana 
PbNbiOs/.  even  for  me  singie-pnase  speci¬ 
men  with  me  pseuoocuoic  structure  oo¬ 
tained  at  .050°C  It  s  possible  that  me 
NaNbOi  phase  region  extends  nto  the 
NaNbOi-PbNb-Oi  svsiem  Tiese  -esuits 
ndicate  mat  NaC  uso  carttctoates  n  me 
reaction  ano  mat  Na  ons  n  ?bNb:0« 
staoiiize  me  'etragonai  structure  :urtner- 
more.  me  extent"  ot  tne  exenange  of  me 
aiican  on  for  me  Pb  ;s  greater  m  me  case  of 
NaC.  man  ;n  KC  The  reaction  can  oe  sum- 
marzed  as  -ollows. 

3bO  -  Nb-O.  -  2jNaC 

»,  Pb. .  .Na-j/Nb-O.  -  iPbC.  2 
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lPb,-.N*re)NbtO»i-2(l  -a-b)NtC 
-2(N»,-ePb«)NbOi-Vl-a-b)PbC,  >3) 

Pure  NaNbOi  is  orthorhombic  at  room 
temperature  and  the  Curie  temperature  is 
OWTC  Since  the  substitution  or  Pb  tor  Na 
decreases  the  Cune  temperature.'  the  pseu- 
Socubtc  NaNbOi  phase  obtained  m  this 
expenraetu  is  caused  by  the  incorporation 
of  the  Pb  ion. 

Because  standard  free -energy  changes 
tor  the  following  reacnoos 

PbO-2KC-2K,0-PbO.,  i4) 

and 

PbO-2NaC-2Na1O^PbCI  (5) 

are  positive  0  i370  and  266  Id  at  298,’C  for 
die  reactions  i<*)  and  (5),  respectively),  the 
difference  in  the  product  pnases  is  related 
to  the  reactivity  of  the  chlorides  with 
SbjOt.  Niobium  oxide  was  mixed  with 
NaC  or  KC1  and  heated  at  1050°C  for  1  h. 
No  reaction  was  detected  in  the  case  of 
KG.  whereas  die  NaiNNOn  or  NaNbiO. 
phases  were  obtained  in  NaG  i  since  the 
XRD  patterns  of  these  two  mohates  are 
almost  the  same."  it  could  not  be  deter¬ 


mined  which  of  the  phases  was  formed). 
This  result  indicates  that  NaG  is  more 
reactive  with  NbiO,  than  KG. 

Granahan  etai.'%‘  prepared  grain- 
onented  PbNb^O*  ceramics  from  powder 
reacted  in  NaG-KC-mixed  salt  ai  1030*C 
tor  3  n.  In  the  present  experiments,  an 
orthorbomhic  phase  of  PbNbjO*  was  ob¬ 
tained  under  the  same  conditions,  as  shown 
in  Table  I.  Orthorhombic  PbNbjO,.  ob¬ 
tained  at  1050*C  in  KG  and  washed  with 
water,  was  mixed  with  NaG  and  heated  at 
1030*C  for  1  h.  The  resultant  powder 
contained  the  pseudocubic  NaNbOi  phase. 
These  experiments  indicate  that  the 
presence  of  KG  m  the  NaC-KC  mixture 
suppresses  the  reaction  between  die  ortho¬ 
rhombic  PbNb-0»  and  NaC. 
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FABRICATION  OF  GRAIN  ORIENTS)  PbBijNbjOj 
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ABSTRACT 

This  paper  describes  a  process  for  the  fabrication  of  grain  oriented 
PbB^NbjOp  ceramics.  A  aolten  salt  technique  was  used  to  synthesize 
crystallites  of  PbBi^NbjO^  with  a  high  degree  of  shape  anisotropy.  Tape 
casting  and  subsequent  uniaxial  hot  pressing  resulted  in  ceramics  with 
grain  orientation  of  greater  than  90%  with  densities  greater  than  96% 
theoretical. 
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PbBijNb^Qj  (PBN)  is  a  a«ab«r  of  she  high.  Curie  temperature  bismuth 
oxide  layer  tcraccan  compounds.  It  vas  first  synthesized  in  1949  by 
Anrivilliua1,  and  its  f erroelec trie  nature  was  discovered  by  Smolenskii", 
•  t  al.  in  1959.  Subbarao5,  in  1961,  published  a  sat  of  dielectric  and 
piezoelectric  measurements  on  ?SN  ceramics,  reporting  a  d33  coefficient  of 
15  x  10”12  C/N.  Dtegami  and  Ueda4  followed  up  with  a  set  of  piezoelectric 
aeasurements  in  1974,  and  reported  a  coupling  factor.  Z^.  of  175.  These 
seemingly  low  values  of  d^j  and  can  be  explained  by  the  anisotropic 
crystal  structure  of  PBN.  There  exists  only  two  polar  axes  in  PBN,  as 
opposed  to  the  aultiple  domain  states  of  the  perovshite  f erroelectrics*,  so 
that  in  a  randomly  oriented  polycrystalline  ceramic,  efficient  poling  is 
difficult  to  achieve. 

If  PBN  could  be  fabricated  with  substantial  grain  orientation  and 
sufficient  density,  efficient  poling  would  become  possible.  This  might 
lead  to  applications  as  high  sensitivity  transducer  devices  for 
temperatures  in  excess  of  400°C.  To  this  end,  there  have  been  several 
attempts  at  achieving  grain  orientation  in  P3N5’5  and  ocher  bismuth  oxide 
layer  structural  ferroelectrics7-12.  These  workers  employed  hot  forging 
techniques  to  develop  grain  orientation.  They  were  quite  successful  in 
achieving  good  density  and  substantial  grain  orientation*,  however,  hoc 
forging  should  inevitably  result  in  deleterious  orientation  gradients. 

This  paper  describes  the  preparation  of  grain  oriented  PBN  ceramics 
by  a  modification  of  the  aolten  salt  synches is-tape  casting  technique, 
which  has  been  used  successfully  in  the  past  to  fabricate  grain  oriented 
ceramics  of  Si4Ti301212”14 ,  3i270g  12-15  -and  ?bNb20.515  ’ 17  . 
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II.  Fabrication  of  Grain  Oriented 

A.  Structure  of  PbBUM^Oj 

Tie  family  of  bismuth  oxide  layer  structures  can  be  represented  by 
the  general  formula: 

(Bi202)2+(MeB.1aB03a+1)2- 

where  Me  can  be  any  of  several  mono-,  di-,  or  tri-valent  cations 
(Na  ,Pb  ,  etc.),  and  2  represents  a  tetri”,  penta-,  or  hexa-valent  cation 
(Ti*+,  Nb^+,  etc.).  The  structure  can  be  described  as  a  combination 

of  a  perovskite  type  layers  interleaved  with  Bi202  layers.  Tie 
coefficient  a  can  range  from  1  to  5  and  is  equal  to  2  for  the  compound 
PbBi2Nb20^ . 

Tie  structure  of  PbBi2Nb20g  is  shown  in  Figure  1.  It  is  often 

referred  to  as  'pseudotetragonal. '  but  is  actually  orthorhombic  with 

lattice  parameters  a,  b,  and  c  equal  to  5.492,  5.503,  and  25.531. 

1 3 

respectively  .  The  spontaneous  polarization  lies  in  the  a-b  plane  at 
about  45°  between  the  a  and  b  axes.  Thus,  if  grain  orientation  is  to 
enhance  the  piezoelectric  properties  of  PBN,  then  the  orientation  must  be 
such  that  the  a  and  b  directions  are  aligned  perpendicular  to  the  c 
direction  in  the  ceramic. 

B.  Molten  Salt  Synthesis 

The  molten  salt  synthesis  technique  consists  of  reacting  oxides  in  a 
suitable  salt  system  at  a  temperature  at  which  the  salts  are  molten.  The 
salts  act  as  a  transport  medium  for  the  diffusion  of  the  oxides.  The 
advantage  of  molten  salt  processing  over  solid  state  reaction  is  that  it 
produces  a  homogeneous  powder  with  the  particle  size  and  morphology  being 
easily  controlled  by  the  reaction  temperature.  This  process  has  been  used 
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tad 


ia  tii«  past  to  product  homogeneous  powders  of  PZT"  ’ .  Bare^O^j^® 
MLFejO^^  tad  sort  recently  hat  beta  adopted  at  this  laboratory  fob  tit* 
fabricacioa  of  grain  oriented  ceramics.  Tit  usefulness  of  tJxt  aoltta  salt 
synthesis  technique  ia  tit  fabricatioa  of  grain  orioattd  ctraaics  is  dot 
to  tit  ttadtacy  of  ctrtaia  growth  diractioas  to  ba  favored  dariag 
formation  of  crystallitaa  ia  tba  aoltan  salt.  Molten  salt  synthesis  of 
the  bismuth  ozide  layar  structure  compounds  results  ia  crystallites  with 
plate— lile  morphologies  ,  while  molten  salt  synthesis  of  the  tungsten 
bronze  PbNb^Og  results  ia  crystallites  with  needle-lihe  aorpholog ios^’^. 
These  crystallites  can  then  be  aligaed  by  tape  casting,  prior  to  the 
sintering  step.  The  advantage  of  achieviag  grain  orientation  by  tape 
casting  prior  to  sintering  (or  hot  pressing)  is  that  the  problem  of 
orientation  gradients  in  the  final  ceramic  is  eliminated. 

c.  Iaau;4i&ia* 

Tape  casting  is  a  process  whereby  a  slurry,  consisting  of  a  ceramic 
powder  and  organic  binder  system,  is  poured  on  a  moving  glass  plats  and 
forced  under  a  doctor  blade  to  form  a  chin  flezibls  sheet  (or  tape)^. 
This  process  is  useful  for  the  fabrication  of  graia  oriented  ceramics 
because  of  the  tendency  of  the  platelets  (ia  the  case  of  the  bismuth  ozide 
layer  structured  compounds)  or  aeedles  (in  the  case  of  PbNbjOg)  to  lie 
flat  during  the  casting  process.  This  tendency  to  lie  flat  during  tape 
casting  is  due  to  the  aechaaical  or  flow  forces  exerted  by  the  doctor 
blade  and  possibly  gravitational  settling  forces. 

The  orientation  developed  by  tape  casting  of  platelets  (in  the  case 
of  the  bismuth  ozide  layer  structured  compounds)  is  such  that  the  c- 
dirsetion  is  perpendicular  to  the  plane  of  the  tape.  Recalling  that  the 
polar  direction  of  Lies  in  the  a-b  plane,  the  piezoelectric  properties 
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will  be  enhanced  ia  the  direction  parallel  to  tie  plane  of  tie  tape. 
Tina,  it  is  required  to  laaiaate  several  layers  of  tape  to  develop  a 
thickness  that  is  large  eaoagi  so  that  properties  can  be  aeasured  ia  tie 
a-b  oriented  direction  of  what  will  eventually  becomes  tie  grain  oriented 
ceramic.  This  is  achieved  by  wars  pressing  several  layers  of  tape 
together  .  The  applied  pressure  and  temperature  are  large  enough  to 
cause  the  binder  to  flow  and  completely  laminate  the  layers  of  tape.  This 
step  is  believed  to  further  increase  the  orientation  of  the  crystallites 
in  the  green  pressed  tape. 

D.  Binder  Burnout  and  got  Pressing 

Due  to  the  large  volume  percent  of  organics  and  relatively  large 
density  of  the  pressed  tapes,  extreme  care  must  be  exercised  during  the 
binder  burnout.  If  the  heating  rate  is  too  fast  as  the  organics 
volatilize,  the  gases  do  not  have  enough  time  to  escape  the  pressed  tape, 
and  bloating  occurs.  This  problem  is  alleviated  by  the  use  of  ultra-slow 
heating  rates  in  the  range  of  temperature  where  the  binder  volatilization 
is  greatest. 

It  was  found  that  in  the  fabrication  of  grain  oriented  Bi^TijO^ 
ceramics  by  the  molten  salt  synthes is-tape  casting  method,  conventional 
sintering  was  sufficient  to  achieve  substantial  grain  orientation  with 
acceptable  density  (92-94*%  theoretical)^*.  However,  in  the  case  of  PBN, 
the  molten  salt-tape  casting  method,  followed  by  conventional  sintering, 
resulted  in  ceramics  with  large  grain  orientations,  bat  disappointingly 
low  densities  (80-33%  theoretical)**.  For  this  reason,  it  was  decided  to 
employ  mild  hot  pressing  conditions  to  help  in  the  densif ication  of  grain 
oriented  PBN  ceramics. 
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E.  Characterization  of  Grain  Oriented  Ceramics 

Two  important  parameters  to  consider  ara  -the  density  and  the  degree 
of  graia  alignment.  Density  eaa  ba  measured  by  gaoaatry  or  by  the 
Archimedes  method.  The  dagraa  of  graia  oriaatatioa  eaa  ba  aoaitorad  by 
scaaaiag  alaetroa  microscopy  aad  z — ray  diffraction. 

Lotgeriag^  developed  a  quantitative  aaaaara  of  the  dagrea  of  graia 
oriaatatioa  from  x-ray  diffract ioa  data,  by  dafiaiag  aa  oriaatatioa  factor 
f. 


f  -  (P-PJ/d-P.) 

O  0 

waara  P  -  I  I  «,<*>/ 3  vr  25  •  -^(002.)  ^  tie  sum  of  intensities  of  the  (002J 
reflactioaa,  Z I p, ± ^ ^  is  the  sum  of  iataasitias  of  all  (hki)  raflactioaa. 
aad  P0  is  the  value  of  ?  for  raadon  oriaatatioa.  Locgariag's  oriaatatioa 
factor  f  is  equal  to  zara  for  raadon  oriaatatioa  aad  oaa  for  conpleta 
oriaatatioa.  Urns,  t ha  as*  of  Lotgaxing's  oriaatatioa  factor  allows  oaa 
to  normalize  the  dagraa  of  oriaatatioa  to  100%. 

III.  Exneriacntal  Procedure 

Deagent  grade  oxides  ware  batched  according  to  tha  P5N  stoichiometry, 
with  a  3  aol«i  excess  of  PbO  added  to  accoaat  for  volatil izatioa  daring 
firing.  The  salt  system  selected  was  eqai-aolar  NaCl-SCl,  3nd  the  salts 
were  weighed  out  with  the  oxides  so  that  the  weight  ratio  of  oxides  to 
salts  was  unity.  Tha  mixture  was  ball  milled  in  alcohol  for  12  hours  in  a 
aalgene  jar  with  zircoaia  madia,  followed  by  drying  overnight  at  100°C. 

Tha  uareacted  powder  was  loaded  into  alumina  crucibles  and  heatad  to 
350°C  for  3  hours  to  insure  that  all  organics  were  removed.  Lids  were 
placed  on  the  crucibles  aad  the  powder  was  heated  at  a  rate  of  100°C/hour 
to  the  molten  sal:  synthesis  reaction  temperatures  which  ranged  from  300 
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to  1150°C.  After  a  2  hour  soaJt  time,  the  furnace  was  turned  off  aad 
allowed  to  cool. 

Salt  reaoval  was  a  tedious  but  ver7  important  step.  The  sintered 
oxide— salt  mass  was  placed  in  a  be  alter  with  distilled  water.  Soiling  was 
sufficient  to  break  up  the  chunks,  aad  a  magnetic  stirrer  was  added  to 
facilitate  the  salts  going  into  solution.  After  1-2  hours  of  boiling  and 
stirring,  the  beaker  was  removed  from  the  hot  plate  and  the  material 
allowed  to  settle,  followed  by  decanting.  The  material  was  subjected  to 
at  least  20  such  washings  and  then  allowed  to  dry. 

Molten  salt  PSN  powder  synthesized  at  1050°C  was  selected  for  tape 

casting  and  subsequent  production  of  grain  oriented  PBN  ceramics.  Prior 

to  tape  casting,  a  slurry  consisting  of  67 ^  by  weight  of  PBN  powder  and 

26 

33 %  of  a  commercial  organic  binder  system  was  prepared.  After  ball 
milling  for  24  hours,  tapes  were  cast  on  to  a  moving  glass  plate  with  the 
doctor  blade  set  at  a  height  of  0.4  mm.  After  drying,  the  single  layer 
tapes  were  cut  into  disc  shapes  of  1.43  cm  diameter.  Between  30  and  50 
layers  were  stacked  in  a  steel  die  and  laminated  by  warm  pressing  for  15 
minutes  at  60°C  and  700  MPa.  Binder  burnout  was  accomplished  by  heating 
the  pressed  discs  from  room  temperature  to  60Q°C  in  3  days.  A  heating 
rate  of  -3°C/hour  was  utilized  in  the  range  of  200-300°C  where  binder 
volatilization  is  greatest. 

The  hot  pressing  was  conducted  in  a  simple  resistance  heated  lever- 
arm  press  with  an  air  ambient.  The  samples  were  isolated  from  the  alumina 
rams  by  Pt  foil.  The  three  main  hot  pressing  parameter  variables  included 
ehe  hoc  pressing  temperature  (1055-1095°C) ,  pressure  (13.6-21.4  MPa),  and 
time  (0.5-2. 5  hours).  A  typical  hoc  pressing  temperacure-pressure-t ime 
profile  is  given  in  Figure  2.  Densities  of  the  hot  pressed  PBN  ceramics 
were  measured  by  Che  Archimedes  method.  Lotgering  orientation  factors 
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were  calculated  f roa  x  — ray  diffraction  patterns.  Tbe  degree  of 
orientation  w as  determined  by  averaging  tbe  orientation  factors  calculated 
froa  both  tbe  cop  and  bottom  facas  (ground  vied  600  grit)  of  tbe  hot 
prassad  P3N  pallats.  Sell  micrographs  van  taken  oa  fractared  surfaces 
perpendicular  to  the  hot  pressing  dixactioa. 

IV.  iiiaill  Discussion 

The  aoltaa  salt  synthesized  powders  vara  subjected  to  cheaical.  x-ray 
diffraction,  and  scanning  alactron  aicroscopy  analyses,  Chemical  analysis 
rewealed  the  prasanca  of  lass  eban  0.05  of  £*',  however,  0.50  »t%  of 
Na*  was  datactad.  Thother  the  sodium  is  going  into  the  PBN  stractara  or 
whether  tbis  siaply  iadieatas  iacoaplata  vasbiag  is  not  known  at  tbis 
tiaa.  X-ray  diffraction  confirmed  ebat  single  pbasa  ?b3 i^.NT^Qfj  was  foraad 
for  sll  aoltan  salt  synthesis  reaction  taoparataras  ( 300-1150°C) . 

Presented  in  Figures  3a,  b,  and  c  arw  typical  SEM  micrographs  of  P3N 
powder  synthesized  at  800,  1050,  and  1150°C,  respectively.  The  aorpbology 
of  tbe  crystallite  was  plate-like  over  tbe  entire  range  of  aoltan  salt 
reaction  temperatures,  wicb  aspect  ratios  of  10-20.  Tbe  expected  result 
of  an  increase  of  crystallite  size  with  increasing  reaction  temperature 
was  observed.  Tbe  increase  of  platelet  size  with  increasing  temperature 
was  aora  pronounced  froa  1050  to  1150°C  than  tbe  gradual  increase  of 
platelet  size  observed  between  S00  to  1050°C. 

Tbe  a icros tructures  of  P3M  ceraaics,  aa  e  by  tbe  aoltaa  salt-tape 
castiag  aetbod  and  deasified  by  conventional  sintering  (1Q60°C,  2  hours) 

and  hoc  pressing  (1075°C,  17.5  MPa,  2  boars),  aay  be  compared  in  Figure 
An  increase  of  density  (6.7  to  3.0  g/cc)  and  orientation  (53  to  90tj)  was 
observed  with  boc  pressing.  Tbis  demonstrates  tbe  importance  of  tbe  bot 
pressing  step.  Tbe  saae  bat  pressing  conditions  were  applied  to  a  pressed 
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tape  made  of  calcined  (equi-axed)  PBN  powder.  This  resulted  in  a  PBN 
earaoie  with  a  density  of  7.9  g/cc  and  orientation  of  only  45%, 
demonstrating  the  iaportance  of  the  aolten  salt-tape  easting  processing. 

The  dependence  of  the  density  and  orientation  of  PBN  ceramics  on  the 
hot  pressing  temperature,  pressure,  and  time  are  demonstrated  in  Figures 
5a,  b,  and  o,  respectively.  The  trends  are  similar  for  the  three 
parameters.  Both  the  density  and  orientation  increase  to  some  saturation 
level  as  the  hot  pressing  temperature,  pressure,  and  time  are  increased 
within  the  range  of  hot  pressing  conditions  employed. 

V.  Smrmmfw 

The  results  of  this  investigation  are  summarized  below: 

1.  Molten  salt  synthesis  was  used  to  produce  tiny  plate-like 
crystallite  of  PbBijNbjOj  with  reaction  temperatures  ranging 
from  800  to  1150°C. 

2.  Tape  casting  of  molten  salt  PBN  powder  and  subsequent  warm 
pressing  resulted  in  a  substantial  grain  orientation  in  the  green 
body. 

3.  Uniaxial  hot  pressing  of  the  green  pressed  tapes  resulted  in  PBN 
ceramics  with  densities  of  greater  than  96%  theoretical  and  grain 
orientation  of  over  90%. 

4.  The  specific  hot  pressing  conditions  employed  (temperature, 
pressure,  time)  were  found  to  have  a  significant  effect  on  the 
density  and  orientation  of  grain  oriented  PBN  ceramics. 
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THE  EFFECTS  OF  VARIOUS  3-SITE  MODIFICATIONS  ON  THE  DIELECTRIC 
AND  ELECTROSTRI CTI VE  PROPERTIES  OF  LEAD  MAGNES lUtl  NIOBATE 
CERAMICS 


D.J.  VOSS,  S.L.  SWARTE  AND  T.R.  SHRQUT 

Materials  Research  Laboracory,  The  Pennsylvania  State 

University,  University  Park,  ?A  16802 

Abstract  Sintering  characteristics,  dielectric  properties, 
and  electrostrictive  Q]_2  coefficients  are  reported  for  four¬ 
teen  dopant  cations  incorporated  in  the  perovskite  ACQ'.B'^O^ 
structure  of  lead  magnesium  niobate  [?b(Mgi/3Nb2/3>03] .  Two 
trends  in  the  dielectric  properties  were  found:  the  maximum 
permittivity  appears  to  be  directly  proportional  to  the  transi¬ 
tion  temperature,  and  secondly,  the  percenc  change  in  capaci¬ 
tance  at  20  kV/cm  is  proportionally  larger  for  the  higher 
permittivity  samples. 

Two  methods  to  estimate  the  frequency  dependence  of  the 
diffuseness  of  the  phase  transition  showed  good  correlation 
with  each  other,  but  revealed  no  general  trend  with  ionic  sice 
or  valence  of  the  modifier  cations.  Electrostrictive  Qio 
coefficients  ware  found  to  generally  decrease  with  increasing 
diffuseness  of  the  phase  transitions. 


INTRODUCTION 

Perovskite  lead  magnesium  niobate  [Pb(Mg^/3Nb2/3)03,  hereafter 
abbreviated  PtlN]  is  a  well-known  relaxor  ferroelectric  exhibiting 
the  characteristic  frequency  dispersion  of  the  dielectric  maximum, 
i.e.,  che  maximum  permittivity  increases  and  shifts  to  lower  tempera¬ 
tures  as  che  frequency  is  decreased.  This  relaxation  character  has 
been  attributed  to  a  statistical  inhomogeneity  in  the  distribution 
of  che  !tg+2  and  tib"1^  cations  in  che  ?MN  structure-1-  creating  micro- 
regions  of  varying  transition  temperatures  (Tc) . 

A  wide  variety  of  properties  have  been  measured  in  polycryscal- 
Line  samples  of  PtlN  and  numerous  homocypes^  revealing  chac  the  ?MN 
family  are  promising  candidates  cor  both  dielectric  and  electro- 
scrictive  scrain  applications^.  .  Cryscaiiographic  scudies  of  che 
PtlN  family  have  shown  chac  ordering  in  the  3  sites  of  the  perovskite 
A(3',3")03  structure  depends  on  the  relative  differences  in  the 
sizes  and  valences  of  che  3'  and  3"  cacions-^.  However,  che  magni¬ 
tudes  of  ocher  physical  properties,  particularly  the  dielectric 
properties,  have  noc  been  satisfactorily  correlatea  to  the  ionic 
size,  valence,  or  ocher  properties  of  the  various  cations. 

For  this  reason,  the  purpose  of  this  study  was  to  mcrocuce 
various  cations  into  the  3  site  of  the  ?MN  structure  m  ncoes  oc 
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possibly  correlating  resultant  dielectric  properties  wish  charac¬ 
teristic  properties  of  the  cacions.  Upon  analysis,  these  results 
should  b«  helpful  in  selecting  PttN-based  aacarials  having  optimum 
properties  for  various  dielectric  and  eieccroscriccive  applications. 

Th«  properties  examined  included  the  sincaring  characteristics, 
Che  frequency-related  diffusanass,  temoaracure  and  3- field  depend- 
anca  of  eha  permittivity,  resiscivicy,  and  elactroscrictiva  behavior. 

SX?SRQtgrrAL  ?R0CSSUT,E 

A  vary  succassful  method  to.  fabricate  poiycrystaliine  samples 
of  pa rovskita  ?ISI  with  minimal  pyrochiore  phase  has  been  reported0. 
The  firsc  step  is  to  prareact  the  refractory  oxides  MgO  and  MbjO; 
to  form  columbite  MgNbnO^ ;  Shis  product  is  then  reacted  with  ?b0 
to  form  parovsicita  ?b3l!gftb209  (PMN) .  This  fabrication  scheme  was 
employed  for  the  following  -t-2-valenc  cations  used  in  this  study: 

Mi,  Mg  (pure  FKN) ,  Ca,  Co,  2n,  Ua  and  Cd.  Tha  columbite  precursors 
ware  prepared  by  ball  silling  reagent-grade  oxides  or  carbonates 
with  optical  grade  Nbo05  in  echanol  for  12-24  hr,  drying  the 
slurries,  and  reacting  the  powders  in  open  AI2O3  crucibles  at  300a- 
1000*C  for  2-3.5  h.  X-ray  diffraction  confirmed  the  products  were 
single  phase. 

Tha  following  cations  ware  also  investigated  and  are  grouped 
according  to  valence:  (*i)-  11;  (+3)  Al,  Cr,  ~e.  Sc.  and  Tl;  (-*) 

Ca,  Mn,  Tl,  Mo,  W,  Te,  Sn,  Ilf,  2r  and  Ca;  (4-5)  V  and  Ta;  and  (-0) 

V.  Of  thasa,  orecursors  were  prepared  for  the  following  five:  Li**- 
as  LiNb03,  Cr4^  as  CrNbQi,,  Fe4^  as  FaNb04,  Ti4-4  as  ?bT103  and  Ta^5 
as  MgTa20e- 

Following  precursor  formation,  appropriate  amounts  of  the 
oxides  and/or  precursors  for  the  modifier  cations  were  mixed  and 
reacted  with  ?b0  in  a  similar  procedure  as  described  above.  The 
substitution  of  all  3-sices  was  3.3  moL2  (this  corresponds  to  30 
molZ  ?MN  *  LQ  mo  IT  ?b(x£73Nb2^3)03i  for  die  seven  cacions  with  -2 
valency.  All  non-^2  cacions  were  introduced  on  10  moi.T  of  ail  3 
sices.  Other  dopant  levels  tried  were  Cd4^  ac  5  mol"  and  2n~-  at  . 

10  aol3.  The  amount  of  substitution  was  limited  to  low  levels  to 
minimize  distortion  of  the  perovskica  structure  yec  produce  detec¬ 
table  changes  in  the  macroscopic  properties. 

The  calcinations  were  performed  once  at  3Q0aC  for  4  h,  exceoc 
for  Al4^,  Cr*3  and  MoT<*  which  were  reacted  at  rOOaC  for  -  h.  X-rav 
analysis  of  the  products  showed  chat  Tl+J  and  yielded  .ass 

than  502  perovskice  phase  by  intensity  ratios. 

Fellacs,  1. 59  cm  in  diameter  and  3-4  am  thick,  were  pressed 
from  che  ocher  cvency-four  calcined  products  to  which  3  wc.T  of  a 
polyvinyl  alcohol  binder  was  added.  A  ?b0  atmosphere  was  nair.cainec 
during  sincaring  to  minimize  ?b0  loss,  iurfsces  were  ground  oarn  '.- 
lei  with  12  am  AI2O3  powder  and  geomecricul  densities  were  calcu¬ 
lated.  Densities  less  than  902  of  theoretical  were  obtained  for 
ail  sintered  Mo^-dooed  oeilecs.  A  polished  surface  of  trie 
sintered  pellets  was  x-raved  for  ohnse  analysis. 
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The  facts  of  chose  pellets  with  densities  greacer  chan  9QZ  of 
theoretical  were  eiectroded,  first  with  sputtered  Au  and  then  with 
air-dry  Ag.  The  weak-field  dielectric  measurements  were  made  from 
100  to  -75*C  wich  a  cooling  race  of  3* /min.  The  measurement  syscem 
has  been  described  elsewhere'*. 

For  ferroeleccrics  wich  a  diffused  phase  transition,  the  law 
1/e  *(T-T0)2  has  been  snown  to  hold  aver  a  wide  temperature  range 
inscead  of  the  normal  Curie-Ueiss  law.  U china  et  ai.  have  shown 
thac  when  che  local  Curie  temperature  distribution  is  Gaussian,  the 
diffuseness  and/or  broadness  of  the  phase  transition  can  be  measured 
by  che  diffuseness  parameter  5/.  The  temperature  difference  becween 
che  Tc’s  measured  ac  0.1  and  100  KH2  is  a  second  esclaacion  of  che 
frequency  dependence  of  che  diffuseness. 

The  broadness  of  che  dielectric  maximum  can  also  be  realised 
from  che  cemperacure  dependence  of  che  dielectric  permittivity . 

For  chis,  che  magnitudes  of  che  decreases  in  che  permiccivicy  60°C 
above  and  15aC  below  che  KHz  Tc  were  normalized  wich  che  maximum 
value  found  ac  Tc.  This  particular  cemperacure  range  was  chosen 
because  ic  corresponds  co  che  range  of  10*C  Co  35’C  being  normalized 
wich  room  cemperacure,  commonly  used  for  capacitor  materials. 

The  dielectric  permiccivicy  as  a  function  of  E-field  was  deter¬ 
mined  on  samples  being  maintained  ac  their  respective  10  KHz  Tc. 

This  cemperacure  was  arbitrarily  chosen  for  comparison  basis  only. 
The  permiccivicy  was  recorded  wich  increasing  and  decreasing  field; 
Che  maximum  field  being  20  KV/cm. 

The  eieccrical  resistivity  (0)  was  measured  by  applying  100 
voles  across  selected  samples  being  maintained  ac  M0O°C.  Currenc 
values  were  recorded  10  min.  after  application  of  che  voltage. 

Eleccroscriccive  Measurements 

The  elecccoscriccive  Q12  coefficients  were  indirectly  measured 
from  induced  piezoelectric  resonance  of  che  ceramic  disks  by  zne 
application  of  dc  fields  of  various  strengths.  The  selected  samples 
were  maintained  in  air  ac  approximately  5Q3C  above  their  respective 
L0  KHz  Tc's,  being  far  removed  from  possible  nonlinear  effects 
commonly  found  near  Tc.  Details  of  this  mechod  are  described  by 
Nomura  ec  al.^. 

RESULTS  AND  DISCUSSION 

Relatively  broad,  crequency-dependenc  permittivity-temperature 
curves  were  obtained  for  aii  modifier  cations.  However,  noc  ail 
cacions  were  successfully  incorporated  into  the  ?MN  structure.  This 
was  evident  from  an  ins igniiicanc  change  in  T2  as  compared  to  pure 
PMN,  and  che  presence  c ;  ocher  phases,  primarily  pyrochlore,  in  che 
x-ray  analyses.  These  samples  typically  had  low  dieieccric  maximum 
f  < 50009  which  can  be  attributed  to  the  low-permittivity  second 
phasets).  Incerescingiy ,  however,  these  compositions  had  low  ois- 
sipation  factors',  reiaciveiy  high  resistivities,  and  low  temperacure 
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coeificiencs  of  dielectric  constants  which  does  noc  prec iude  their 
use  for  possible  dielectric  application. 

The  dielectric  behavior,  resistivity,  and  ocher  properciea  for 
Che  samples  in  which  che  modifier  caciona  were  successfully  incor¬ 
porated  inco  che  scruccure  are  presenced  in  Taole  1.  hose  composi¬ 
tions  were  found  co  densify  (>902  cheorecical)  ac  sintering  tempera- 
cures  as  low  as  1Q5Q*C  uich  che  compositions  containing  Cd"*2,  So"”4 , 
V+4  end  102  Zn  being  densified  ac  <_  950*C. 

Resistivities  ac  100*0  were  relacively  high  with  the  exceptions 
of  Fe^2-,  Ca^2,  and  hnT2-doped  specimens.  The  law  value  for  these 
particular  ions  may  be  due  to  electronic  conduction  made  possible 
by  multiple  valence  states. 

The  dielectric  properties,  particularly  X,  were  found  to  oe  a 
function  of  sincering  conditions,  particularly  for  the  modifier 
Tl'rt  in  which  K  greatly  Increased  with  increasing  sincering  temoera- 
cure.  One  possible  explanation  for  such  findings  is  a  grain  sice 
dependency  as  reported  by  Swart2  ec  ai.^.  In  the  comoositions 
having  Cd4-2,  2n+fc  and  Ca^2,  Tc  was  iwund  to  decrease  with  increasing 
sincering  temperature*  This  suggests  that  less  of  the  cation  is 
being  incorporated  inco  the  ?MN  scruccure,  further  evidenceu  by  an 
increasing  antounc  of  pyrochlore  phase  ac  the  high  sincering  tamoera- 
cures. 

A  wide  range  of  te’s  are  found  in  Table  1  with  die  Tc  for  A'-*'3 
being  the  Lowesc  near  -55*C  and  the  Tc  for  Ti”4  being  che  Highest 
near  +50*0.  likewise,  there  is  a  correspondingly  wide  range  of 
maximum  permitti'/ities.  Figure  1  shows  good  correlation  oeeween  T.- 
and  che  largest  of  the  <>nax  values  listed  for  each  ion  in  Table  1. 
There  also  appears  to  be  a  corresponding  increase  in  the  temperature 
coefficients  of  the  permittivity  with  increasing  aielectr-.c  maximum. 

A  strong  correlation  of 
Kn,ax  with  the  percancaaa 
change  in  permittivity  ac  a 
field  strength  of  20  KV'cm  is 
shown  in  Figure  2.  This  snows 
*■'  che  difficulty  in  finding  a 
single  phase  material  exhibit- 
vj  ing  a  higti  <  alone  with  good 
Z-'  field  stability. 

The  main  characteristic 
w*  of  a  relaxor  ferroelectric  is 
che  cetnoeracura  breadth  of  the 
dielectric  maximum  ac  differ¬ 
ent  frequencies,  listed  in 
Table  1  are  the  differences 
temoeracura  ac  the  3..  ana 
100  :<HZ  Tc '  s  for  c:;e  various 
cations.  Another  measure  :  * 
the  frequenc;-'  teoenaence  nf 
the  diffuseness  .3  the  u.f.'use- 
coef'.cient  f  -inch  *s 


Figure  1.  Dielectric  constant  ac 
Tc  (1  XHz  data  for 
fourteen  tomposicuns 
in  Table  1. 
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The  values  of  5  for  che  fourteen  samples  used  in  Figure  1  have 
been  piocced  in  Figure  3  as  a  function  of  die  tonic  radci-'J  of  die 
modifier  cations.  ..lien  grouoed  according  to  common  valences,  tnere 
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Figure  2.  Oecrease  in  dielectric 
constant  at  an  S-field 
of  20  iCV/ca.  Samples 
wars  maintained  ac  10 
<Hz  Tc's  during  measure¬ 
ment. 


appears  to  be  only  a  slight 
Increase  In  the  magnitude 
or  i  with  increasing  ionic 
radius. 

The  single  daca  points 
for  the  cacions  with  -5  and 
+6  valency  are  insufficient 
to  show  any  trends.  However 
upon  consideration  of  ionic 
size  alone,  no  general  trend 
was  observed. 

The  eiectroscriction 
$12  coefficients  are  also 
reported  in  Taola  .  with  a 
^12  value  of  -0.0050  m“  'C4 
for  pure  ?MN.  In  general, 
the  larger  the  :  coeffi¬ 
cient,  the  smaller  the  0^;. 
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Abstract-A  ferroelectric  tungsten  bronze  single  crystal  of  Pbo^BaQ. 7oNb206  was 
grown  from  a  melt  using  the  Czochralski  technique.  The  crystal  belongs  to  the 
tetragonal  point  group  4mn  with  the  spontaneous  polarization  parallel  to  the  ' c ' 
axis.  The  room  temperature  lattice  parameters  were  a  *  12.50  A  and  c  »  3.995  A. 
The  spontaneous  polarization  was  found  to  be  O.AO  C/m2°C.  The  Curie  transition 
was  350*0  as  determined  from  the  temperature  dependence  of  the  dielectric  con¬ 
stants.  The  pyroelectric  properties  were  found  to  be  typical  of  other  tetra¬ 
gonal  ferroelectric  bronzes.  Dielectric  constant  and  piezoelectric  constant 
dis  show  a  strong  enhancement  from  the  approach  of  the  tetragonal : orthorhombic 
morphotropic  phase  boundary  and  it  is  clear  that  crystals  with  composition  in 
the  tetragonal  phase  field  closer  to  this  boundary  will  be  of  major  interest  for 
piezoelectric  and  electro-optic  applications. 


INTRODUCTION 

Single  crystal  ferroelectric  tungsten  bronzes,  in  general,  are  known  for  their 
excellent  electro-optlcO  ,2) ,  pyroelectric^) ,  and  piezoelectric(A)  properties,  mak¬ 
ing  them  promising  candidates  for  use  in  various  device  applications;  e.g.  laser 
modulators,  pyroelectric  infrared  detectors,  S.A.W.  devices,  etc.  This  plus  the  fact 
that  there  are  over  100  individual  end  member  bronze  compositions,  with  numerous 
possible  solid  solutions(A) ,  makes  the  tungsten  bronze  family  one  of  the  most  exten¬ 
sive,  versatile  and  potentially  useful  families  of  oxygen  octahedra  based  ferro- 
electrics. 

Typically,  the  bronze  ferroelectrics  which  are  of  most  practical  interest  are 
ones  of  complex  composition  and/or  solid  solutions,  which  are  inherently  difficult 
to  grow  in  single  crystal  form. 

The  present  paper  reports  single  crystal  growth  in  the  Pb].x8axNb20c  solid  solu¬ 
tion  bronze  system.  Of  particular  interest  are  compositigps  near  x  *  0.4  which  is 
very  close  to  the  reported  morphotropic  phase  boundary(P’®^.  For  polycrystall line 
ceramics,  it  has  been  demonstrated,  as  in  the  PbT103-PbZr03  perovskite  system^), 
that  compositions  near  morphotropy  have  very  strong  piezoelectric  properties (3) . 
Measurements  of  physical  and  ferroelectric  related  properties  are  presented  wnich 
contain  this  expected  enhancement  in  the  single  crystal  material. 
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EXPERIMENTAL  ANO  OISCUSSION  OF  RESULTS 
Crystal  Growth 

The  materials  used  were  Specpure+ grade  PbO,  3aCG3,  and  Nb^Og.  These  were  weighed 
out  according  to  the  stoichiometry  ?bi-x3axNb2Q6  (*  *  0.40)  and  then  wet  ball  mined 
in  ethanol  for  12  hrs.  The  resulting  slurry  was  air  dried  and  then  fired  In  an 
alunrina  crucible  at.  550°C  for  24  hrs.  This  procedure  was  adopted  to  ensure  that  the 
lead  was  in  a  fully  oxidized  state  before  being  loaded  Into  the  platinum  pulling 
crucible.  The  crucible  was  40na  In  both  diameter  and  height  and  was  supported  In  a 
fibrous  alumina  Insulating  jacket  and  covered  with  a  similar  radiation  shield.  The 
furnace  used  was  R.F.  Induction  heated  at  270  kHz. 

Crystals  were  grown  by  the  Czochralskl  technique  being  pulled  at  a  rate  of  2 
ran/ hr  with  a  rotation  of  10  rpm.  The  grown  crystal  was  annealed  in  situ  by  program¬ 
ming  the  temperature  down  over  12  hrs. 

Under  these  pulling  conditions,  transparent  and  very  pale  yellow  crystals  were 
obtained.  '  The  grown  boules  were  typically  cracked  containing  3  or  4  single  crystals 
with  dimensions  up  to  10  x  S  x  3  am. 

Chemical  analysis  revealed  that  the  Initially  grown  crystal  contained  16.5  wtS 
PbO,  24.6  wt2  BaO  and  60.1  wtS  MbgOs,  which  correspond  to  Pbg.^Baq.  7oNbi  t  gg70g 
rather  than  Pbo.So8ao.40Nb206,  the  starting  composition.  The*signif1cant'd1fference 
In  compositions  was  probably  attributed  to  volatilization  of  PbO  during  the  growth 
process.  The  apparent  loss  of  PbO  was  also  evident  from  other  crystals  grown  from 
the  same  melt  having  continuously  decreasing  Pb:3a  ratios. 

Physical  and  ferroelectric  properties  presented  in  this  work  were  only  determined 
for  single  crystals  having  the  composition  Pbg. ^BaQ. 70Nbi . 98706*  Properties  of 
single  crystals  containing  lower  amounts  of  PbO  were  all  found  tp  be  somewhat' similar, 
as  reported  for  polycrystalllne  ceramics  of  similar  compositions^3). 

X-ray  powder  diffraction  analysis  showed  that  the  grown  crystals  had  the  tungsten 
bronze  structure  and  belonged  to  the  tetragonal  point  group  system  4n«n.  The  lattice 
parameters  at  room  temperature  for  the  comoosltign  PbQ.338ao.7gNbi .38706,  designated 
PBN,  were  found  to  be  a  ■  12-50  A  and  c  ■  3.995  A  (see  Table  1). 

Sample  Preparation 

Crystals  belonging  to  tetragonal  point  group  4mm,  have  three  piezoelectric,  one 
pyroelectric  and  two  dielectric  independent  constants,  thus  requiring  various  samples 
shapes  and  orientations. 

Bar  and  plate  shape  specimens,  [100]  and  [001],  were  cut  with  an  abrasive  wire 
saw  from  the  single  crystal  boule  following  orientation  using  back  laue  reflection. 
Samples  were  lapped  and  polished  down  to  3  u  alumina  powder.  The  samples  were  then 
carefully  cleaned  with  acetone  in  preparation  for  application  of  sputtered  on  gold 
electrodes. 

Prior  to  most  measurements ,  the  crystals  'were  poled  by  the  field  cooling  method 
under  a  OC  field  of  1-2  Kv/cn  along  the  [001]  or  4  fold  polar  axis.  The  completeness 
of  poling  ’was  checked  using  a  3erlincourt  (Model  333)  piezoelectric  d^  meter1 


TJohnson  Matthey  Chemicals  Limited,  Orchard  Road,  Rayston,  Hartforsnire  563  SHE 
England. 

i-^Serl Incourt  (Model  333)  dg3  meter,  Channel  Products,  Inc.,  15722  Park  Circle  Drive, 
Chagrin  Falls,  OH  44020. 
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TABLE  1 


il  Properties  of  PbQ  323aQ 

70Nbl 

.927 

0.  at  Room  Temnera 
0 

lattice  Constants 

4  • 

12.50 

9 

A 

C  • 

3.999 

• 

A 

Spontaneous  Polarization 

%  ' 

■  0.40 

C/m2 

01  electric  Constants 

•  390 

tin 

i  <  0.002 

4 

•  140 

tin 

a*  <  0.007 

(170) 

• 

(0.04) 

e?i 

i  340 

tan  i 

■  0.005 

•la 

i  98 

tin  £ 

i  0.02 

Pyroelectric  Coefficient 

93  ' 

■  1.7  x 

10*4 

C/m2»C 

Piezoelectric  Coefficients 

*31 

i  12  x 

10*’2 

C/N  k31 

■  151 

*33 

•  60 

10*12 

*33 

i  522 

*!S 

i  so  x 

C/N  lt15 

•  2SS 

Spontaneous  Polarization 


The  most  comnonly  used  technique  for  observing  ferroelectricity  and  determining 
spontaneous  polarization  (Ps)  is  based  on  the  polarization  field  hysteresis  loops 
generated  using  the  Sawyer  and  Tower  method(9). 

Typical  hysteresis  loops  taken  from  repeated  switching  experiments  at  low  fre¬ 
quencies  (0.1  Hz)  and  at  other  various  frequencies  in  PBN  crystals  showed  a  recession 
of  the  high  remanent  polarization  obtained  in  the  first  cycle  of  the  applied  field, 
suggesting  that  a  major  fraction  of  the  total  polarization  rapidly  locks  into  non- 
switching  domain  configurations  (Note:  the  remanent  polarization  (Pq)  is  essentially 
equivalent  to  Ps  in  single  crystals).  This  recession  of  the  hysteresis  loop  has  been 
observed  in  several  other  tetragonal  tungsten  bronze;  Sro.sBao.Si^OgOO) , 
K0.2Na0.2Sr0.58a0.5Nb206^^  and  KQ.2Sr0.9Nb20gU2). 

Thus  the  polarization  (Ps)  was  determined  statically,  by  taking  a  poled  sample, 
and  thermally  depoling  by  submersion  in  a  hot  furnace  (>600°C),  which  is  well  above 
the  Curie  transition  (Tc),  while  charge  is  collected  using  an  electrometer.  The  Ps 
determined,  for  room  temperature,  was  found  to  be  ^40  x  10“2  c/m2  (Table  1). 


Dielectric  Properties 

j  The  temperature  dependence  of  the  dielectric  constants  (relative  permittivities) 
and  ej\  (constant  and  zero  stress)  and  loss  (tan  5)  were  determined  from  poled 
ana  unpoled  [001]  and  [100]  plates  at  frequencies  1,  10,  100,  and  1000  KHz  using  a 
Hewlett  PackardTTT  (HP)  4274A  and  4275A  frequency  LCR  Meters  under  full  program  con¬ 
trol  in  an  HP  9825  bus  controlled  system.  The  temperature  range  was  -75°C  to  500°C 
with  a  heating  rate  of  3°/m1n. 


■Hewlett  Packard,  1-50-1  Yoyogi ,  Tokyo,  Japan  151. 
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The  temperature  dependence  of  the  dielectric  constants  533  and  q-| ,  at  100  KHz, 
are  shown  in  Figures  1  and  2  respectively.  3oth  £33  and  e  ft  showed  marked  anomalies 
at  a  transition  point  (Tc)  of  350°C.  The  temperature  behavior  and  large  anisotropy 
of  cj3  and  eft  is  typical  of  most  tetragonal  ferroelectric  bronzes^4).  Little  fre¬ 
quency  dependence  of  the  constants  was  observed. 


Figure  1.  Qlelectrfc  constant  £^3  as 
a  function  of  temperature 
for  PBN  at  100  kHz. 
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Figure  2.  Dielectric  constant  sq  as  3 
function  of  temperature  for 
PBN  at  100  kHz. 


Room  temperature  dielectric  and  loss  values  for  both  poled  and  unpaled_samples 
are  given  In  Table  1.  The  reported  difference  in  the  dielectric  constant  £33  and 
loss  between  ogled  and  unpoled  states  is  probably  attributed  to  multi  domain  (180°) 
•wall  motions(  ’0).  The  room  temperature  values  of  the  clamped,  dielectric  constants 
£33  and  sfi  (zero  and  constant  strain)  and  loss  are  also  reported  in  Table  1.  These 
vaTues  were  determined  at  100  meagHz  using  a  Model  41 91 A  HP  Impedance  Analyzer. 

The  Curie  Weis  constants,  the  relationship  between  the  reciprocal  dielectric 
constants  £^3  and  £  ft  and  temperature  above  Tc,  were  2.5  x  1G3°C  and  1.9  x  103°C, 
respectively.  The  Curie  constant  obtained  are  quite  characteristic  of  other  oxygen- 
octahedra  f erroel ectri cs ( 4  J . 

Pyroelectricity 

The  pyroelectric  coefficient  P3  of  PBN,  as  a  function  of  temperature  between 
0°C  o.nd  100*C,  is  shown  in  Figure  3.  The  room  temoerature  value  of  p3  (1.7  x  IQ-4 
c/m2qC).  reported  In  Table  1  is  similar  to  that  of  other  bronzes  having  approximately 
tiie  same  transition  temperatures  (4) . 

The  pyroelectric  coefficient  was  determined  by  measuring  the  DC  discharging 
current  of  a  poled  sample  at  a  controlled  rate  of  cnange  of  temoerature.  The  cur*snt 
was  measured  using  a  HP  41408  pA  meter  and  the  temoerature  and  data  acquisition  was 
using  an  automatic  measuring  system  similar  to  that  used  :*or  determining  the 
dielectric  behavior. 
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Piezoelectric  Properties 


Piezoelectric  coefficients  d37 , 

<*33.  <115  and  equivalent  coupling  coef¬ 
ficients  k3i ,  k33,  and  k-j  5  for  P9N  are 
reported  in  Table  1.  The  piezoelectric 
d33  coefficient  was  simply  determined 
on  a  poled  [001]  plate  using  a  Berl in¬ 
court  033  meter.  The  piezoelectric 
coupling  coefficient  k3i  was  deter¬ 
mined  on  a  poled  [100]  bar  using  the 
resonance-anti  resonance  technique 
based  on  the  IRE  Standards  of  Piezo¬ 
electric  crystals(l3).  The  piezo¬ 
electric  coupling  coefficient  kis 
was  determined  using  the  relation¬ 
ship  (1) 

*11  "  0  •  kis>En  (’) 

relating  the  free  (e]\)  and  clamped 
(sr,  )  dielectric  constants(13). 

The  coefficients  IC33,  <133  and 
d7 5  were  simply  calculated  from  other 
experimentally  determined  values  through 


Figure  3.  Pyroelectric  coefficient  p-s  as 
a  function  of  temperature  for 
PBN. 


the  relationship  (2) 


u1i 


'Vjj 


(2) 


where  cq  is  the  permittivity  of  free  space  (8.354  x  10"  2  F/m)  and  sf -?  the  appro¬ 
priate  elastic  constant.  Elastic  constant  values  used  were  those  typical  of  other 
tetragonal  tungsten  bronzes(4). 


SUMMARY 

Single  crystal  growth,  physical,  and  ferroelectric  related  properties  of  PBN 
were  investigated.  PBN  was  characterized  as  a  tetragonal  tungsten  bronze  type  ferro¬ 
electric  with  the  spontaneous  polarization  parallel  to  the  tetragonal  [001]  or,'c‘ 
axis.  From  the  measured  results,  particularly  the  temperature  dependence  of  cfl  and 
magnitudes  of  di 5  and  k-jg  it  is  clear  that  the  approach  towards  the  morphotrooic 
composition  at  Pbo.6QBa0.4QNb20§  is  lowering  the  transverse  Curie  temperature  and 
softening  the  transverse  dielectric  stiffness.  With  further  lead  addition  composi¬ 
tion  with  exceedingly  interesting  di 5  and  electro-optic  r 4-]  coefficients  should  be 
possible. 

Work  to  reduce  the  PbO  volatilization  problem  and  further  optimize  growth  in  the 
Pb-|_x8axNb20§  solid  solution  system,  especially  for  compositions  closer  to  morpho- 
tropy  at  the  x  *  0.4  value  are  now  in  progress. 
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Abstract-Tangs  ten  bronze  single  crystals  in  tie  Pb^^Baj.NbjOg 
system  were  grown  from  a  aelt  using  tie  Czochralski 
technique.  The  dielectric,  piezoelectric  and  pyroelectric 
properties  were  determined.  The  dielectric  constant  and 
piezoelectric  coefficient  d^  showed  a  strong  enhancement 
upon  approaching  the  te tr agonal : orthorhomb ic  aorphotropic 
phase  boundary  as  predicted  by  theraodynamic  phenomenology. 
It  is  clear  that  crystals  with  a  composition  in  the 
tetragonal  phase  field  near  this  boundary  will  be  of  major 
interest  for  various  piezoelectric  device  applications. 


)PcnoN 

Single  crystal  ferroelectric  tungsten  bronzes  are  promising 
candidates  for  use  in  various  device  applications',  e.g.  acousto¬ 
optic.  pyroelectric  detectors,  S.A.W.  devices,  etc.  Not  only  do 
these  materials  possess  relatively  high  piezoelectric,  electro** 
optic  and  pyroelectric  properties,  but  it  has  been  shown 
thermodynamically  using  the  Landau:Ginsburg:Devonshire  (LGD) 
phenomenology  and  confirmed  experimentally  for  the  tungsten  bronze 
(SBN)  and  possibly  all  other  tetragonal  bronzes. 


Sr.6lB*.39Nb2°6 


the  Existence  of  temperature  compensation'"1'’*'.  It  was  also  found 
that  the  LGD  phenomenology  could  be  used  to  give  a  good 
description  of  the  dielectric,  piezoelectric  and  thermal  behavior 
of  SBN. 

Another  important  aspect  of  SBN  is  the  ease  in  which  large 
single  crystals  can  be  grown^  ,  however,  even  though  the  piezo 
values  are  high  for  d33,  they  are  very  saall  for  dXJ  and 
correspondingly  the  shear  coupling  coefficient  is  low.  The 
low  value  of  this  constant  aay  be  traced  in  the  phenomenology  to 
the  very  low  value  of  the  transverse  Curie  temperature  the 
temperature  at  which  1/Ea  when  extrapolated  from  high  teaperature 
values  is  equal  to  zero.  To  iaprove  the  piezo  coupling,  d.^  and 
^13'  ’’roald  be  desirable  to  aove  into  a  composition  field  in  the 
bronze  structure  where  the  ^  can  be  enhanced. 

It  has  been  reported  that  a  cross  over  between  and  r3 
is  found  to  occur  in  the  Pb^^Ba^h^Og  solid  solution  family  for 
compositions  in  the  vicinity  z  *  0.4.  Near  this  composition  a 
aorphotropic  phase  boundary  occurs  between  a  ferroelectric 
orthorhombic  (mm2)  and  a  tetragonal  (4mm)  structure  as  shown  in 
Figure  1.  Thus  tetragonal  compositions  wish  large  t.  values  and 


wo^- 


coTT*  spondiagly  largo  2^  and  hs* 
should  i  x  i  at  noar  tdo 
aorphotropic  phase  boundary. 

It  was  the  purpose  of  this 
investigation.  to  grow  single  cry¬ 
stals  in  the  Pb^xSazNb2^$  systaa 
uear  tlia  aorphotropic  phase 
boundary  to  verify  the  aziataaea 
of  tetragonal  soapositioas  with 
greatly  improved  transverse 
proparties. 

Varioas  dielectric, 
p  i  a  so  a  1 ae t r  i  c  aad  physical 
properties  of  a  wide  range  of 
Pb2~-x3azNb20£  coapositioas  ara 
also  reported. 
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Figure  1.  Phase  Diagram  of 
Pb1-x3axNb206 


Single  crystals  of  various  Pb^jSa^NbjOj  were  jrowa  using  tie 
Czoehxalski  technique.  Tie  crystals  grown  were  typically  small 
(<1  emi)  bat  safficieat  ia  size  to  ciaraetarize  tie  dielectric 
aad  piezoelectric  properties. 

For  each  crystal  grown,  a  chemical  aaalysis  was  performed, 
along  with  tie  da teraiaatioa  of  tie  density  asiag  a  pycnometer 
method  and  tha  lattice  parameters  found  using  powder  z-ray 
diffraction.  To  dateraiaa  tha  various  dielectric  and  piezo 
properties,  plate  shaped  samples  with  major  surfaces  normal  to  the 
a  and  c  or  1  and  3  axes  of  the  tetragonal  prototype  were  prepared 
for  crystals  with  z  >  0.4.  For  compositions  in  the  orthorhombic 
phase,  the  samples  were  cut  with  major  faces  normal  to  c,  but  for 
a  and  b  cuts  (1  and  2  axes),  with  major  faces  making  an  angle  of 
43*  to  the  tetragonal  a  axis.  Sputtered  on  gold  electrodes  were 
used.  The  crystals  were  poled  by  the  field  cooling  method  under  a 
DC  field  of  1-2  17/ cs  along  the  'c'  axis  for  tetragonal 
compositions  and  tha  'V  axis  for  orthorhombic  compos i tions. 

Further  details  of  the  crystal  growth  and  property 
measurement  techniques  can  be  found  in  reference  (5). 


RESULTS  AND  DISCUSSION 

The  single  crystals  grown  are  indicated  by  the  circles 
imposed  on  the  Fb . -j^a^Nb-Q ^  phase  diagram  shown  in  Figure  1.  The 
Tc's  were  determined  from  the  peak  in  a  for  tetragonal 
compositions  and  the  peak  in  or  Z ^  (equivalent  above  7.)  for 
the  orthorhombic  one.  The  compositions,  as  determined  by 
chemical  analysis,  are  reported  in  Table  1  listed  in  order  of 
decreasing  3a  content  and/or  increasing  density.  It  is  apparent 
that  most  of  the  crystals  grown  were  deficient  in  Pb  due  to  the 
volatilization  of  PbO  during  crystal  growth.  The  exact  effect  of 
?bO  deficiency  on  the  various  properties  is  cot  knows. 


Table  1. 


Properties  of  Pb i-^Sa^NbjOg  Crystals. 
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Also  tabulated  in  Table  1  are  the  room 
▼aloes  of  the  dielectric  constants  (Z  ,  Z^*  Z^), 

temperatures  O^)  and  constant  (C^),  the  piezo  d33  and  d^  and 
pyro  coefficients  (p)  for  the  various  compositions.  For 
completion,  reported  values  for  the  end  member  PbJrt^Og  were  also 
included.  Tie  values  for  the  orthorhombic  composition  and  the 
compositions  well  in  the  tetragonal  field  are  typical  of  those  for 
other  bronzes^  . 

From  Table  1  it  can  be  seen  that  most  of  the  properties 
increase  slightly,  e.g.  Zc,  d33.  wi  th  p  decreasing  as  one  moves 
across  the  tetragonal  phase  region  toward  the  morphotropic 
boundary.  The  transverse  Curie  temperature  3^,  Z^  and  d^3, 
however,  were  found  to  increase  markedly. 

From  the  LOT  phenomenology,  the  dielectric  stiffness  ■ 

1  /  (3C  a  —  1 ) )  for  the  prototype  4/mmm  tetragonal  case  with  the 
spontaneous  polarization  along  the  4-fold  axis  can  be  expressed  by 
Che  following  equation: 

T-ei 

X11  "  “  +  2a13P3  +  2a133P3  +  2a1333P3  (1) 

C1 

where  a's  are  dielectric  stiffness  parameters.  Given  a  room 
temperature  spontaneous  polarization  (P^)  of  0.40  C/m^  as 
determined  for  the  composition  Pbg  33Bag  7‘^,1  99®6  1  *"1  2*^ 

'  anri  n,  i  n,  f  h«  ti  ..**-*«  frtianri  f  rtr  with  2a, 
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units),  the 
function  of 

The  piezo 


and  2a^ 
stiffness  and  thus  3 
as  shown  in  Figure  4. 
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Figure  2.  Experimental 
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d,  ,  is  a  function  of  c 
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As  expected,  bond  2a  and  d, < 
war#  found  thermodynam isal I7  to 
increase  markedly  with  incrassing 
3^  being  in  quite  good  agreement 
with  :  a  a  experimentally 
datarainad  values  found  for  the 
▼arious  tatragonal  compositions, 
baing  also  shown  in  Figura  2. 


CONCLUSION 

Single  crystals  with  various 
compositions  in  Che  ferroelectric 
tungsten  brou2e  ?b^_x3axNb,0^ 
system  were  grown  using  the" 

Cxoehralski  technique.  Partic¬ 
ular  attention  was  made  near 
s  *  0.4  in  which  a  aorphotropic 
boundary  separates  orthorhombic 

and  tetragonal  phases.  The  various  dielectric,  piezoelectric  and 
pyroelectric  properties  were  determined  and  reported.  From  the 
measured  results,  it  was  found  that  upon  approaching  the 
aorphotrop  ic  boundary  from  the  tetragonal  side,  the  transverse 
Curie  temperature  5^  increased  resulting  in  markedly  improved 
transverse  dielectric  (ZJ  and  piezoelectric  (d^j)  properties  as 
expected  from  the  LCD  phenomenology.  It  is  also  interesting  to 
note  the  excellent  agreement  between  the  experimental  and 
thermodynamically  determined  values  even  when  higher  order 
dielectric  stiffness  parameters  found  for  the  bronze  S3N  were 
used.  Thus,  tetragonal  crystals  with  compositions  close  to 
aorphotropy  will  be  of  interest  for  various  piezoelectric 
applications . 

It  is  necessary,  however,  to  further  optimize  crystal  growth 
to  reduce  ?bO  volatilization  and  to  produce  larger  crystals. 
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Longitudinal  Piezoelectric  Strain  Measurements  of 
Poly(vinylidene  Fluoride)  Films 


K.  UCHINO.  Department  of  Physical  Electronics.  Tokyo  Institute  of 
Technology,  Ookayama,  \feguro-ku.  Tokyo  152.  Japan,  and  L.  E.  CROSS. 
Materials  Research  Laboratory,  The  Pennsylvania  State  University . 
University  Park,  Pennsylvania  16802 


Synopsis 

Tha  ioagituauui  piezoeiectnc  strain  or  poivt  vmviidene  huonaei  ■  PVF farm  oudmii  mtasurec 
at  room  campers  run  uamt  a  .ii*n-4«nait:viry  ac  capacitance-  type  aiiacometer.  The  dc  bias  :1eia 
dependence  ot  the  piezoelectric  strain  coefficient  a -a  nee  seen  determined.  The  poienzaaon-reiatea 
electroetnctive  coefficient  Q33  ootainec  a  several  nunoreo  times  larger  than  the  vaiue  in  normal 
piezoelectric  oxide  crystals  ana  is  of  opposite  sign. 


INTRODUCTION 

Polyivinylidene  fluoride)  iPVF-j)  has  been  extensively  studied  since  the  dis¬ 
covery  of  its  large  piezoelectric  coefficients  in  1969. 1  Roiling  and  stretching  films 
at  elevated  temperatures  during  preparation  enhances  the  crystallization  of  the 
polar  phase  (form  I)  with  polymer  chains  oriented  preferentially  along  the  tensile 
stress  axis.  After  an  electric  field  of  sufficient  magnitude  t  about  106  V  m  - 1)  is 
applied  normal  to  the  film  at  elevated  temperatures,  large  piezoelectric  coeffi¬ 
cients  can  be  measured.  Though  the  transverse  piezoelectric  effect  is  rather 
easily  detected,  few  studies  have  been  attempted  of  the  longitudinal  piezoelectric 
strain  x-j  or  stress  Xj  induced  by  an  applied  electric  field  Ei  because  of  the 
thinness  of  films  1  usually  less  than  100  umi.  The  first  direct  observation  of  the 
piezoelectric  coefficient  d- «  (defined  by  x  3  *  d  yj£ was  made  by  Burkard  and 
Pfister  using  a  capacitance- type  dilatometer.:  They  carried  out  static  mea¬ 
surements  at  0.3  K  to  avoid  length  fluctuations  due  to  thermal  expansion.  Ke¬ 
pler  and  .Anderson  constructed  an  ac  interferometric  dilatometer  and  obtained 
the  induced  longitudinal  strain.3  On  the  other  hand,  the  piezoelectric  stress 
coefficient  e 33  iXi  *  e-aEi)  was  determined  by  OhigashiA 

Using  a  newiy  developed  high-sensitivity  ac  dilatometer.5-6  we  have  measured 
precisely  the  longitudinal  piezoelectric  coefficients  of  PVF  >  films  at  room  tem¬ 
perature.  Moreover,  we  have  observed  the  dc  bias  electric  field  dependence  of 
the  piezoelectric  coefficient  aha  <i.e„  the  electrostrictive  effect). 

experimental 

Samples  (30  x  30  mm)  were  cut  from  193-um-thick  unoriented  ana  69-am-thick 
oriented  Kynar  7200  sheets  '  Pennwait  Chemicals  Co.)  ana  from  25-am-thicic 
oriented  sheets  obtained  from  Kureha  Chemical  Industries,  after  the  sampies 
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TABLE  I 

EJactromacaaijicai  Prop* mw  ot  Poiaraac  PVT>  Films  'Compared  *ita  LNbOi; 


Coatficaanu 

Uooriantad 

Kynar 

Onaotad 

Xyuar 

Ontntad 

X  arena 

UNbOn 

9.9 

tl 

12 

28.T* 

dnlxiO-u*  V-‘) 

U 

16.1 

21— 

-0.35* 

3b  ixiO"1*  a»  V-»> 

U 

L9 

2.4 

... 

aigr(xl0-lla  V-i) 

-9 

-19 

— 2S 

-3.3  ±  0.2 

-20.2  *  0.4 

-24.2  s  0.6 

5.T3* 

.Wb  (X10-®  mi  v-h 

-3.6 

-13.6 

-34.1 

... 

Qb  i  xm4  C~^ 

-IS 

-30 

3.016* 

iXl<rllm  V-M 

-4.4 

-15 

-31 

5.3 

*  Rutrtnc*  10. 

*  Rataranca  11. 

c  Measured  with  the  prwenc  tnstrumaoe. 


had  been  poled  in  the  manner  described  above.  All  the  samples  were  kindly 
supplied  by  Dr.  J.  C.  Hicks  of  the  Naval  Ocean  Systems  Center. 

Two  systems  were  used  to  measure  the  eiectric-fieid-induced  strain  in  these 
sample  films.  For  the  transverse  piezoelectric  effect,  a  strain  gauge  technique 
was  applied,  the  sample  being  placed  so  chat  the  deformation  produced  a  stress 
on  a  strain  gauge.  The  piezoelectric  coefficients  d ■?l  and  d^  obtained  are  listed 
in  Table  L  The  piezoelectric  coefficient  d*  i  *  d31  -  du  +•  d-a)  was  determined 
with  the  conventional  method  of  applying  a  time-varying  hydrostatic  pressure 
to  the  film.  The  values  of  d*  are  roughly  the  same  for  the  three  specimens  i  an 
»  -lx  10~12  m  V-1).  From  the  values  of  d-n,  d- jj,  and  d»,,  we  can  evaluate  the 
piezoelectric  coefficient  d-a,  values  of  which  are  aiso  shown  in  Tabie  I. 

For  the  longitudinal  piezoelectric  measurement  we  applied  a  newly  developed 
high-sensitivity  ac  dilatometer  whose  minimum  resolvable  displacement  is  iess 
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than  10“3  A  rms.  Figure  I  shows  the  block  diagram  of  this  system,  the  details 
of  which  have  been  reported  in  our  previous  papers.5-6  To  measure  the  piezo¬ 
electric  strain,  an  alternating  electric  field  at  14  Hz  is  applied  to  the  PVF2  sample 
film  through  a  suitable  oscillator-amplifier  combination,  which  sets  the  capacitor 
plate  vibrating  at  14  Hz.  The  lock-in  amplifier,  which  is  phase  locked  to  the 
14- Hz  driving  frequency,  senses  any  component  in  the  bridge  output  ( capacitance 
modulation),  which  is  at  14  Hz  and  in  phase  with  the  driving  oscillator.  To  check 
the  output  calibration  factor,  a  standard  quartz  crystal  is  then  driven  at  14  Hz 
without  applying  a  voltage  to  the  film. 

To  avoid  separation  changes  of  the  sensing  capacitor  plates  due  to  thermal 
expansion,  the  dc  imbalance  signal  of  the  capacitance  bridge  is  fed  back  to  the 
PZT  pushers  through  an  amplifier.  This  servo-system  is  the  key  to  the  high 
sensitivity  and  stability  of  the  instrument. 

In  Figures  2(a)  and  2(b)  we  show  the  observed  longitudinal  strain  1  root- 
mean-square  value)  for  oriented  and  unoriented  Kvnar  and  oriented  Kurena 
films  under  a  sinusoidal  electric  field  at  14  Hz.  The  piezoelectric  coefficient  d3 3 
is  calculated  from  the  slope  of  the  linear  relation  between  strain  and  electric  field 
near  zero  field.  Deviation  from  the  straight  line  at  higher  electric  fields  is  caused 
by  the  hysteresis  effect  and  the  nonlinear  1  higher-order)  coupling.  Determi¬ 
nation  of  the  negative  sign  of  d  33  is  made  from  the  180°  phase  difference  between 
the  lock-in  amplifier  outputs  of  the  PVF;  films  and  the  standard  quartz 
crystal. 

To  obtain  the  electrostrictive  effect  separately  from  the  hysteresis  effect,  we 
measured  the  dc  bias  field  dependence  of  the  piezoelectric  coefficient  d 33.  When 
a  dc  electric  field  £dC  la  superposed  with  a  sinusoidal  electric  field  v  2£ac  sinwt, 
the  induced  strain  is  represented  as 

*3  ■  d33(£dc  +  v2^«hnwt)  -r  M-^kE^  c  +  v  2 £JC  sinwr)-  1 1) 

where  M33  is  the  field-related  electrostrictive  coefficient.  The  root- mean-square 
value  of  the  strain  at  a  frequency  of  w,  is  given  as 

x3(w)  ■  d$[Eic)Eac  t2) 

where 

d$(£dc)  *  <^33(1  +  (SA/ba/d  j3)£dc]  '3) 

The  lock-in  amplifier  output  for  a  constant  ac  electric  field  <EiC  55  104  V  m-- 1 
was  plotted  as  a  function  of  the  dc  electric  field.  Figures  3(a)  and  3(b)  show  the 
change  of  the  effective  piezoelectric  coefficient  with  the  dc  bias  field  £dc.  .An 
obvious  hysteresis  curve  could  be  obtained  in  the  relation  between  a?/  and  £.c 
for  all  samples.  The  average  change  in  d%f  1  neglecting  the  hysteresis )  with  the 
dc  field  is  considered  to  give  the  electrostrictive  effect  approximately.  The  pi¬ 
ezoelectric  coefficient  d33  t experimentally  observed)  and  the  fieid-reiated  eiec- 
trostrictive  coefficient  .V/33  for  three  specimens  are  iisted  in  Table  I.  For  com¬ 
parison.  the  electrostrictive  coefficient  .V/ --  of  the  unpoled  69-um-thicx  oriented 
Kynar  film  was  determined  bv  the  same  technique  as  *  -b.o  x  ;0“-°  m- 

v--. 

It  should  be  noted  here  that  the  electrostatic  force  between  a  pair  jf  electrodes 
sometimes  gives  an  extra  displacement,  especially  ;n  eiasticaily  soft  materials 
with  low  permittivity.  In  the  case  of  our  measurements  correction  of  the  M 
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value  due  to  the  Maxwell  stress  is  estimated  as  less  than  10%  of  the  apparent 
value. 


DISCUSSION 

Oshiki  and  Fukada  determined  precisely  the  piezoelectric  stress  coefficient 
«3i  and  the  electrostrictive  stress  coefficient  731  (transverse  effect)  of  PVF;  by 
applying  a  sinusoidal  electric  field  and  detecting  the  induced  stresses.7  They 
reported  a  marked  hysteresis  curve  of  esi  with  the  cyclic  change  of  the  dc  bias 
field,  which  is  very  similar  to  that  in  Figure  3,  showing  the  dependence  of  d  33  on 
the  dc  bias  field.  The  low-frequency  piezoelectric  stress  coefficient  decreases 
by  about  one  order  of  magnitude  from  its  room-temperature  value  of  ca.  10" 2 
C  m~-  on  cooling  the  sample  down  to  123  K.  At  0.3  K  the  longitudinal  piezo¬ 
electric  strain  coefficient  d-a  measured  by  Burkard  and  Pfister  is  of  the  order 
of  —10“ 13  to  —10“ 12  m  V-ia  The  difference  of  one  to  two  orders  of  magnitude 
between  their  data  and  our  values  (which  are  close  to  the  room-temperature 
results  of  Kepler  and  Anderson3)  is  explained  by  the  large  temperature  depen¬ 
dence  of  <133.  Their  eiectrostriction  data  were  not  30  reliable  as  ours,  but  are  still 
consistent  with  our  measurement. 

Using  the  piezoelectric  resonance  method.  Ohigashi  determined  the  piezo¬ 
electric  strain  coefficients  td3i  and  d22)  and  the  piezoelectric  stress  coefficient 
e33  at  high  frequency.4  At  room  temperature  the  dxi  value  (ca.  - 15  x  10"12  m 
V"1)  estimated  from  the  approximate  relation  da  =»  era/c^,  is  almost  of  the  same 
order  as  that  from  our  low-frequency  daw.  No  eiectrostriction  data  could  be 
obtained  by  the  resonance  method. 

We  discuss  now  a  phenomenological  interpretation  of  the  piezoelectricity  in 
poled  PVF2  in  terms  of  eiectrostriction  which  was  first  introduced  by  Oshiki  and 
Fukada.7  After  poling,  a  preferred  orientation  of  dipoles  is  produced  in  the  film, 
and  results  in  the  remanent  polarization  P-  and  the  remanent  strain  x„  The 
coupling  of  the  eiectrostriction  ( which  may  be  determined  by  the  film  preparation 
technique)  with  this  remanent  polarization  produces  piezoelectricity.  In  the 
phenomenological  expression,  the  strain  x  ;  in  the  poled  film  of  P  VF2  under  a 
small  electric  field  £3  is  given  by  using  the  electrostrictive  coefficient  Q33  as 

x 3  ■  Qso(P'  +  (4) 

where  <3  is  the  permittivity  of  PVF2  and  «o  ■  3.S54  x  10'12  F  m"1.  Then,  by 

analogy  with  eq.  ( 1)  we  may  describe 

Xr  ■  QzsP'i  (5) 

dl3  *  ’-QjsfrXyPr  '6) 

and 

•Vf  13  »  Q33««1  1  ") 

The  polarization-related  electrostrictive  coefficient  Q;::  was  calculated  ap¬ 
proximately  as  follows: 

Q33  * -Vf  ;3/fi<i  '■■'1 

By  using  P.  »  0.5  x  10“ 1  cm'2,  as  roughly  estimated  by  Hicks  and  Jones'  :n 
describing  the  effect  of  ac  annealing  on  the  ramanent  ?oiar:zat:on.  we  can  evai- 
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?i?.  3.  oi  effective  oi*zoei*c:nc  coefficient  s"'  wtn  sc  lias  lieia  ;1c.  a 

anonentea  Kmar  'COO  and  bi  in  onented  K arena  :iim. 
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uate  the  piezoelectric  strain  coefficient  from  eq.  ( 6).  Good  agreement  between 
the  product  2(?33<o<3f5r  and  the  observed  d33  for  ail  three  specimens  shown  in 
Table  I  suggests  the  validity  of  the  phenomenological  treatment. 

It  is  worth  noting  here,  however,  that  the  eiectrostrictive  coefficient  .Vfw  of 
the  unpoled  oriented  Kynar  film  is  about  half  the  value  for  the  poled  specimen. 
This  is  consistently  explained  by  the  commonly  accepted  assumption  that  an 
electrical  poling  process  (as  well  as  rolling  and  stretching)  changes  the  micro- 
structural  conformation  of  PV?2  in  addition  to  the  orientation  of  dipoles  (see, 
e.g.,  ref.  9),  and  consequently  varies  the  eiectrostrictive  Mq  coefficient.  The 
validity  of  the  phenomenological  treatment  should  probably  be  discussed  within 
the  context  of  the  same  crystal  structure. 

Electromechanical  data  for  a  normal  piezoelectric  oxide  LiNb02  are  listed  in 
Table  I.  for  comparison.  In  addition  to  the  sign  difference  of  d33  and  Q 33,  it  is 
interesting  that  the  Q33  values  in  PVF:  are  two  to  three  orders  of  magnitude 
larger  than  in  LiNbOs,  while  the  P,  values  are  two  to  three  orders  of  magnitude 
smaller.  In  consequence,  the  piezoelectric  coefficient  d3 3  has  almost  the  same 
magnitude  (though  with  the  opposite  sign). 

The  authors  would  like  to  express  (heir  sincere  thanks  to  Or.  J.  C.  Hicks  or  Naval  Ocean  Systems 
Center  in  San  Diego.  CA  for  supplying  ready-poled  PVT;  samples.  They  also  wish  to  thank  the  Office 
of  Naval  Research  for  their  support  of  our  work  through  Contract  No.  N00014-78-C-0291. 
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Some  properc  i  vs  or  ,1  ( -  I  o'*  it  i  nn-'  rvo  inu  rart-t  ;rc!t  n< <«2  i  *  i od 
Sr|(  .  Ba  _Nby>  ijllM)  u-rr.uii'i  tri.  ,  i.o'e  icvn  <va  i  u.itod  . 

Die"  polar  iza?  ion  oi  the  dislo.  tc  uii-u'ju  SilN  me  ivi«  La-modir';cd 
(*',!  jtomie  ~.)  SUM  .rvstjls  ..in  mruvo  repeJC-o  tlicnu!  .'Ales 
close  to  their  (‘uric  temperatures  yiiiinut  aeing  dc poled. 

Interesting  properties  relevant  co  .■vro«ioctr:a .  ai*rra,-.  kjuat.t 
vjv>:  i ml  «•  led rw— «>i»C ie  devices  .ire  J  i -issed  . 

INTRODUCTION 

Pure  and  I  unchaiHim-modi  r  led  (Sr  .  iJ  ,  ,  a  «b  > 

'.5  .  —  i'v  _  _ 

Co  0.0  1)  are  interesting  materials  he.  Vise  Cliov  -.in  he  jT  jvn  re!  1- 
ClVelV  easily  in  single  e  C’sC.i  I  s» .  ^  fiuv  cr”sCd.s  ..re  -newii  to 
exhibit  I  urge  py  roe  I  err  r  ie  elie.c  ,  ;u  ■  .:.>«  J  ee  t  r  ; .  v  •  .  wet  ”,  inu 
v  I  ev  t  ro-opt  ie  effects.  1  These  and  ,in>-.£  ocher  :  .r'.ieiei  tri,  » 
become  partially  ilepoled  when  operate. I  ,  lose  co  their  Carle  temp¬ 
erature.  However,  we  round  recentlv  that  ciie  polar  iz.it  ion  or  the 
U  is  I  oca c  ion-free  cry.-c.il  s'*  ami  some  La-modified  i -2  iconti.  ">  SO.'.' 
eryscals  e.m  suevive  repeated  lliecn.il  .vole  j  :  <.  w  degrees  within 
tlieir  lair  i  e  temperatures  without  being  thermal!'-'  depoled.  This  is 

shown  iu  Fig.  I  ior  che  pvroe  lectvic  properties:  p  unu  i*  . 

s 

Tile  unusual  stability  displayed  by  Che  polarisation  will 
enable  devices  made  I’rom  Chose  crystals  Co  operaCe  aver  a  wide 
range  ot  temperature .  The  purpose  of  this  paper  is  co  reexamine 
Che  proportion  of  these  SUN  i rentals  and  to  asses-  their  potential 
appl  icat  ions  as  py  roc  I  e>- tr  i .  ,  :.uria<e  .noustie  wave  and  ele.  tr.o 
optii'  de'/ioes. 


PYKOKI.IhiTUIC  I’KIM'F.RT I  FS 


TIi  lee  different  .  riteri.1  have  been  used  in  -electing  pvro- 
eleecrii  materia  Is.  }  First,  p'e''K  j-  used  i  or  maximizing  the 
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pyroelectric  voltage  response  in  pyroelectric.  v id  iron  ur  i>vrn- 
eleccric/CCD.  Second,  p/c£J  <  c.tnd  is  used  for  «i:: imi.i ina  the 
signal-to-nois«  ratio  o£  pyroelectric  detectors  vh<?ru  the  dielec¬ 
tric  noise  dominates  in  the  normal  mode  point  detectors.  rhird, 
p/c^  is  used  Cor  selecting  materials  for  transverse  mode  point 
detectors  where  Case  response  and  wide  bandwidth  arc*  important. 
Table  l  gives  these  throe  propert  ies  oi  the  d  is  I  neat  ion-i  r>  •  •  nui 
La-modified  SUN  as  compared  tu  Cite  muse  widely  tised  pyroo  I  cr  I  c 

materials;  namely  TCS**  and  LiTaO^'  (values  of  can  a  •  0.009  used 
Coc  TGS,  0.001  for  ociiers).  From  Table  1,  it  is  clear  ctiac  the 
dislocac ton-free  SBN  is  a  good  choice  for  normal  mode  poinc 
detector  application  and  La-modified  SUM  is  an  etccllenc  --hoic*  for 
die  transverse  mode  poinc  detectors.  I'h*  stability  of  tin*  polar¬ 
ization  of  chase  crystals  will  enable  chose  detectors  to  operace 
over  a  wide  temperature  range  rinse  t"  T  . 

i ' 

Tab  I e  i 


Materials 

cm  K 

CK  -  !L_ 

J  «:*K 

<  1  O,  -1  l 

( <•  It )  .til) 

m 

_  P _ 

cV^tand 

:;10'3 

0 

<?• 

tio’H 

SBN-50 

5  .  5 

400 

2.  54 

'  .  PH 

1.72 

2.  11 

(.SON-  30 
(X.  atomic  1) 

11.7 

1600 

l .  14  Ml 

i.9*. 

*>  .i) 

Ti:s 

4.0 

15. 

2.  *7  4*.  7 

1.92 

L .  w 

LiTaO^ 

i.9 

4b 

5.2 

12.9 

2.75 

59 

SAW  PROPERTIES 


SAW  devices  have  oecome  an  important  application  ot  piezo¬ 
electrics  recenclv  in  s  ignn^  procossing  ir.-ts  such  as  filters, 
delay  lines  and  convolvers.  The  two  most  important  par arnct-  rs  ari- 
the  SAW  coupling  i.i'  ti-r  (K^)  for  ot  fiiionu’.  tub  the-  temporal  uro 
coefficient  of  the  do  lay  time  (.ITU)  i  or  srabiliev.-  These  ■  rtc.-riu 
are  often  not  met  in  the  piezo* lot- eric  materials  .-•teept  Some  with 
tero  temperature  compensation. 

i J 

in  a  recent  study  by  Slmrrocfcs  cc  a  I  .  .  it  .as  nre*i  ii-tcti  that 
the  pure  SHN-30  possesses  l  numhor  m  aero  l-1 'll  ■  r  ii-u cac  I  wt>  c  :  t1' 
reasonably  high  SAW  conpi  ing  .-cyi  i  i  -  icm  il  ~  ipor.':  unat"  i  ■■  • . ■  *  • '  . 

A  low  rco  <7  ppm/0f!)  and  high  <  ipcro-' uni  c  v  n.n'Z’.  )  c"mb  ■  m.-i  r  ion 
or.  1st  on  £M-SI3N.  Although  TCI)  and  K”  •>  t  i  -.  i  ■  -  iti  *n— sii‘1  i.iv- 
nut  hern  measured,  it  :s  plausible  to  inter  •  tom  ueir'v  c f i sun* 
electro-elastic  properties  f  P ,  ini  chat  ctn-  J  is  lo<  at  ton-free  ;ti,'l-'ti 
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crystal  3  will  have  nearly  tin-  ..ome  SAW  properties.  These  prop¬ 
erties  together  uicli  Che  non-di-po  I  ing  property  ot  these  crystals 
make  them  the  most  promising  materials  car  SAW  devices. 

GT.ECTRU-0 PT  t <".  PROP KRT T ES 

The  linear  e  I  eetro-upc  ic  effect  in  Sr,  Ba  Nb  il  crystals  has 

l-s  x  2  o 

been  studied  by  l.enzo  ec  al.*'  Bv  Lowering  the  Sa  content  from 
x  *  0.75  toward  0.25  they  show  that  the  larger  the  dielectric 
conscane  is,  Che  Ijrger  the  e lec.t ro-opt  ic  cr'r'act,  We  observe 
similar  behavior  in  l.a-tm»i  i  r  ied  SliN  by  increasing  the  La-content. 


Table  2  shows  the  effeitivc  limir  e  I  ,-i  cro-opc  ic  e  i  root  of  La— 
muditied  SHN  from  measurement  i»t  hall -wave  voltage  !iv  propagat¬ 


ing  a  He— Ne  Lmer  Light  along  Che  i-axis  at 
l  while  applying  an  electric  field  parallel 
reduced  half-wave  voltage  is  given  bv 


X/2 

where  r 


Win^r-j) 


SUN  crystal  of  length 
to  the  c-axis.  The 


(1) 


i 


j  ■  rj(  -  (»ij/nj)Jr1  ^  anil  u's  and  r’s  are  Indices  ot 
refraction  and  electro-optic  coefficients  respectively.  The  sub¬ 
scripts  L  and  1  refer  Co  a-axis  and  c-axis  of  die  crystals. 


Samples  for  eU-ccro-opc ic  measurement  were  rectangular  parnllel- 
pipeds,  typical  I-.'  2mm  on  the  side  with  Che  faces  paral  lel  Co  the 
principal  axes.  Samples  for  retractive  index  measurements  were 
prisms  with  15°  apex  angle,  cue  and  oriented  witli  c-axis  parallel 
Co  die  apex  so  chat  Ijiyth  ii  ^  and  can  lie  measured  liv  l  minimum 
deviation  technique.  ”  Also  listed  in  Tjhlc  2  are  pyroelectric 
and  dieleccrii  data. 
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From  TabLa  2,  she  variation  of  fj  vs  K  is  seen  to  be  similar  to 
p  vs  K  ami  suggests  a  direct  relationship  between  che  two  nay 
1  exist,  with  the  f aero* I eetri.es  treated  as  biased  paraeleccrics, 
r^  is  related  to  ^  ^ 

c3  -  2  Kn  gPs  (2) 

Uliarv  g  is  a  generalized  quadrat,  ir  eleetro— optic  coefficient.  It 
lias  been  shown  that  p^  is  related  to  K.^  by1* 


P 


where 


3 

C 


by 


r 


‘n 


?  /c 

s 


c 


is  the  Curio  constant. 


( J> 


I'heref t>re , 


i*3  and  P  ^ 


a  re  rotated 


r  *  2  t  g  C.  p  .  (d) 

3  o  o  3 

As,  a  consequence,  Che  figure  o£  merit  of  e I vetro-opeir  devices 
is  proportional  to  p  “/K_  .  it  has  been  shown  that 

p  */K  is  relatively  constant  so  chat  will  be  relatively 

constanc  Cor  chese  materia  is.  Therefore,  crvscal*  of  l.a— modified 
SBN  provide  good  materials  for  die  study  of  ferroelectric  relation¬ 
ships.  Because  of  the  scriaeion,  these  rrvrcats  of  l.a-mod  i  f  teti 
SBN  have  not  oecn  useful  as*  olvctro-npc  ic  device*.  Thov  ir»  sc  i  I  l 
promising  and  say  find  appl  ir.it  ions  as  e  lv  r  ro-opr  i  <•  dovt.os  if 
the  atria  cion  problem  were  .solved. 


CONCLUSIONS 

From  the  preceding  discussions,  we  conclude  Chat  ill  boch  the 
dislocacion-f rcu  and  the  La-modified  SBN  rrvscal*  are  vurv  good 
for  pyroelectric  detector  applications;  (2)  die  d  is loonc  ion-t reo 
crvstai3  are  expected  to  ho  very  e-.x'd  for  SAW  device  aopl  icat.ons; 
and  (3)  boch  d  islocac  ion—  f  roe  and  l..t— n,*d  i  f  i>d  SBN-30  •  rv  seals  are 
verv  good  materials  foe  che  study  . > f  I  «rrne  I  ectr  ic  property 
relac  ionships . 
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